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Gravitational demise of cold degenerate stars
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We consider the long term fate and evolution of cold degenerate stars under the action of gravity alone.
Although such stars cannot emit radiation through the Hawking mechanism, the wave function of the star will
contain a small admixture of black hole states. These black hole states will emit radiation and hence the star
can lose its mass energy in the long term. We discuss the allowed range of possible degenerate stellar evolution
within this framework[S0556-282(98)00222-7

PACS numbgs): 97.60.Lf, 04.40.Dg, 04.70.Dy, 97.60.Sm

[. INTRODUCTION time independent and invariant under time reversal. For
black holes, the staticity breaks down at and beyond the
White dwarfs are usually considered to be the final statevent horizon.

of stellar evolution for nearly all stars in the universE. After cooling to essentially zero temperature, degenerate
The remaining stars are destined to end their lives as neutragiars can only lose energy through processes that utilize
stars or black holes. A fundamental astrophysical question iblack holes, whicltanradiate. This avenue is studied in this
to determine the long term fate and evolution of these stellapresent paper. Notice that this approach implicitly includes
remnants. If the proton is unstable through some process &nergy loss from proton decay via gravitatid®—17, since
the unification scal [2], then long term stellar evolution such processes involve microscopic black holes.
will be governed by the physics of proton decay with a time  Motivated by the above discussion, we write the wave
scale of function of a cold degenerate star in the suggestive form

|stan=cos |N, ) +sin 6|BH), )
7p~10%2 yr(M,/10'° GeV)*. (1) )
where|N, ) represents the usual stellar configuratitsgper-
. . . . positions of quantum mechanical states oRN,
This evolutionary path has been studied previoydis,4. =fewx 10°’ particles) andBH) represents superpositions of

In this paper, we _con5|der the ultlmatg _fate_ of these COIC{he possible black hole states. The total probability of the star
degenerate stars in the absence of unification scale prot%n

decay, i.e., due to the influence of only the gravitational e_ingniznilg)zlaclk hole state or containing a black hole is thus
force. In particular, we consider processes involving bIacIZ)_SI o~ f h black hol f th f . i
holes and their effects on the long term evolution of these In general, the black hole part of the wave function wi
degenerate stars. contain many different contributions, i.e.,

If the proton were truly stable, then nature presents us
with a curious state of affairs. Black holes of stellar mass, |BH>=E Ai[Myp, 3
which are much more tightly bound than degenerate stars, !
will evaporate through the Hawking effdd] with a lifetime

of only ~ 10°® yr [6—8]. Although this time scale seems long where|My,) represents the wave function for a black hole of

compared to the current age of the universeL(™° yr), it is massMy, and must be a superposition of many states. The

vastly shorter than the expected lifetimes of white dwarfsduantity |Aj|? is the corresponding probability of the star

and neutron stars. These stellar remnants are essentially ziﬁ'ng in a black hole state. The total probability is thus given

temperature objects; they exist in hydrostatic equilibrium du y

to guantum mechanical degeneracy pres$fteln the ab-

sence of proton d.ecay, these remnants would live almost P:sinzazz |Aj|2- (4)

forever[1,10]. In this case, black holes would evaporate al- ]

most instantaneously compared to white dwarfs and neutron

stars. We can estimate the probabiliti®s=|A;|* from several dif-
Since degenerate stars are far too extended to have evdffent mechanisms, as discussed below.

horizons, they cannot emit Hawking radiation in the usual

manner available to black hol¢&1] (see alsd6,8,12,13). Il. BLACK HOLE PROCESSES IN STARS

Ref.[11] proved that in a globally static spacetime, such as

that produced by a degenerate star, there is no particle cre-

ation. These results break down in black hole spacetimes On sufficiently long time scales, white dwarfs and neutron

because they are not globally static, where static means bo#itars can experience tunneling events in which the star, or

A. Dyson tunneling
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portions of the star, tunnel through the potential energy barThe integration ranges from starting valueg near unity,
rier produced by degeneracy pressi@]. This process can, corresponding to the initial density of the volume, to a large
in principle, result in the formation of black holes. upper cutoff(2>1, corresponding to black-hole-like densi-
We first consider the probability of tunneling through the ties. The exact value of the upper cutoff does not matter in
barrier provided by degeneracy pressure. Such tunneling isgractice because the integral has almost all of its support for
necessary but not sufficient condition for black hole forma-smallx (low density.
tion. The time scales for tunneling processes are given by the For white dwarfs, withA/Z~2, we have
standard formula
Sr~33N*3 (o), (10)
T=14€"T, (5)
where 1(Xg) is the integral evaluated for a given starting
where 7, is the natural oscillation time of the system. The value ofxg, i.e., a given starting density. The fastest tunnel-
action integralS; can be written ing rate will occur in the center of the star where the density
(and xg) is maximal. For a typical white dwarf of mass
0.5My, the central density is about 4@/cn?, x,~0.80,
and [(xg)~1.56. For a more massive white dwarf of
1.0My, the central density is about>3L0’ g/cnt, X,
whereV(r) represents the height of the potential energy bar=~2.5, andl (x)~1.0.
rier as a function of the radial coordinate For any given numbeN of particles that are required to
For a white dwarf supported by degenerate electrons, thiform a black hole, Eq(10) determines the tunneling prob-
potential energy can be obtained from integrals over the disability «exd —S;]. We can thus estimate the probabiliper
tribution functions for fermion$7]. Following standard for-  natural oscillation time,) for white dwarfs to produce black
malism, we definex=pg/m,, wherepg is the Fermi mo-  holes through a tunneling process,
mentum andn is the electron mass. The number density of
electrons is then given by.=x*m3/37? (we take# =1 Py=g 3390
=c). We want to consider a small spherical volume, of ra- ,
diusr, within the star that contairld electrons and4/z)N ~ Where N determines the mass of the black hdl#ly,
nucleons. After some algebra, the potential endfgy (x)] ~(A/Z)Nmp]. This process is exponentially suppressed as

due to degeneracy pressure can be written in the form the numbem of particles increases, so the process is domi-
nated by the minimum value .

SF% f [2MV(r)]¥4dr, (6)

N43
1

(11)

3 As a reference point, if the minimum mass for a black
Vg= Nmeﬁ[{x(lﬂz)llz(lJrZXZ) hole is given by the Planck scalslp~2x10° g, we ob-
tain N~ 10 and henceS;~10%®. For this incredibly large
—In[x+(1+x?)¥2}—1] value for the action, the natural vibration time scajgbe-
comes completely irrelevant.
=Nm.®(x), (7 The fastest possible rate for this process would be for the

where the second equality defines a dimensionless functio%aseN:z’ and the action would b&r~8441(x). In the

®(x). In the limit of smallx (low density, this potential has Center of a relatively massive white dwarf, whére1, the

inq ti rae 8440 —1__ 1336 is ti
the usual form associated with nonrelativistic degenerate fe'gorregponQ|ng time scale is- & 103. yr. This pme
mions, i.e.docx2ocr 2. In the oppositdrelativistid imit of scale is still long compared to that of gravitationally induced

largex, ®xxxr 1. We also must include an additional con- proton decay1,14-16,1% We thus conclude that the tun-

tribution to the potential energy due to gravity. This potentialnellng of aggregates of baryons into black holes will not be

. : an important process within white dwarfs.
can be represented with the approximate form T
P bp The result is similar for the case of neutron stdr§]. In

GM3 this case, we must replace the electron magswith the

Vg~—f , (8) nucleon mass in all of the formulas and vA&Z=1. The
r=rs resulting action is much smaller,
where My=ANM, is the total mass of the volumeg S;~5.4N*3 (x,). (12)

=2GMy is the corresponding Schwarzschild radius, and we

have defined a geometrical factior 3/5. Unless the radius At the center of a neutron star, the density~40*° g/cn?
approaches the Schwarzschild radigs the degeneracy part and hence approaches nuclear density. As a resgit,1,
of the potential completely dominates that of gravity. As aand hence I(Xg)~1.4. The action then becomeS$;
result, to a good approximation, we only need to inclle ~7.6N*2. For the fastest case of only two nucleohss 2,

in the action integral6], i.e., we haveS;~19. This small action would seemingly imply a
reasonably high probability of tunneling into a black hole.
Sr~2(9m/4) " 2(A/Z)mp /me]VAN3 However, this calculation only takes into account the tunnel-
o dx ing of neutrons through the potential barrier provided by
xf 7(1)1/2()()_ 9) their degeneracy pressure. For small valueNond high
xg X densities, the neutrons start to overlap, and the quark struc-
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ture of the nucleons must also be taken into account. Théorming electron-positron pairs for a short time directly out
process of small numbers of quarks tunneling into a blaclof the vacuum. The existence of such processes can be ob-
hole is one allowed channel for gravitationally induced pro-served indirectly by many quantum phenomena, such as the
ton decay and the estimated time scale is abofit yi0(see  Casmir effect. However, this example illustrates only the

[14,18 and also the following discussinn simplest such possibility. One must also include in the
vacuum processes all excitations of the theory. One should
B. Kinematic stellar model thus include the possibility of the production of proton-

antiproton pairs, or even monopole-antimonopole pairs.
These processes will generally be highly suppressed relative
to the electron-positron amplitudes by virtue of their corre-

In this approximation, we consider the star to be a collec
tion of particles of massn with a number densitym. We
}/_vant_ Lc_; c:;lc_ulate trsle hprobabllrllt_yl/dtha;_ partlcleshhap?enblto kspondingly large masses.
le within their own Schwarzschild radius, 1.e., thatof a black ™, oo vitation, one therefore expects not only to find vir-

hole of massMy,,=mN. In natural units, the volume of the 5 gravitons playing a role, but also virtual black holes.
hypothetical black hole is given by Unfortunately, however, the theory of gravitation is unrenor-
V= 8m3N3M 6. (13) ma_llizable. Altho_ugh this d_iff_iculty prevents one from doing

reliable calculations, but it is not unreasonable to suppose

TheseN particles generally occupy a much larger voluhe that a semi-classical calculation will give reasonable an-

given by swers.
Einstein gravity is controlled by the actidt9]

Vo=N/n. (14)
Thus, the probabilityp; that a single particle lies within the I9l=- 16 MR(—Q)1/2d4X
black hole volume is simply
v -—— | K(—h)*C[h]d3x, 18
p1=V—bh=8nm3N2Mp|_6, (15) 87G Jim (=hcth] (18
0

whereG is Newton’s constant anR is the Ricci scalar for
the metricg,,, which is defined on the spacetin\d. The
spacetime boundaryM has the induced metrib,,. The

pn=(p)N=(8nm*NZMp, )N, (16)  quantityK is the trace of the second fundamental form on the

boundarydM and C[h] is a functional ofh defined so that

Since the star containll, /N volumes ofN particles, the the action of Minkowski space vanishes. Extremization of
total probability Py that the star contains a black hole com- this action for fixed metric on the boundary leads to the
posed ofN particles is given by Einstein equations fog,y, in M.

The path integral for gravity is
Pny=N,N"3(8nm*N?Mp, &)N=N,ANNZN"1  (17) P ¢ gravity

and the probabilitypy that N particles lie within the black
hole volume is

In the second equality, we have defin@d=8nm*Mp, © ZNJ Dlgle'¥, (19)
~10 15«1, where the numerical value assumes a nuclear
density to evaluate. For a white dwarf densityn will be
far smaller, and the value afwill decrease accordingly. For
all values ofN less thanN, , the probability is a decreasing
function of N. In other words, the most probable black hole
to be formed kinematically will have the smallest possible
value ofN.

For the case in which the minimum black hole mass is the
Planck mass,N~6x10'® and hence —In[Py]~10?%
Loosely speaking, this time scale is somewhat longer than,

but comparable to, the tunneling time scale calculated preViWhereM is the Planck mass. lanoring interactions between
ously. On the other hand, for small values Mdf the time P -9 9

scale isO(A Y3 ~10% yr. For small values oN, one the black holes, we find the action for a collectiorNoblack

can also construct a kinematic model of the proton as a sysrIOIes to be

tem of N=3 quarks and make a similar calculation to model A7NmR
proton decay 18]. NE
PI

where the integral is taken over all metrigs Our goal is to
investigate how black holes contribute to any amplitude in
quantum gravity. We first assume that this integral can be
approximated by the usual Euclidean continuafiéyi3,19.

The action for a single black hole of massis then given by

4m?

Il:—M o (20

(21)

C. Virtual black holes In the path integral, the black holes are indistinguishable;

In any quantum theory, one expects to find vacuum fluceach is independent of the others and can be positioned any-
tuations associated with the fundamental excitations of thahere in space. Sindd is undetermined, we can evaluate
theory. Thus, in electrodynamics, one has the possibility ofn a box of volumeV to obtain the result

083003-3



ADAMS, LAUGHLIN, MBONYE, AND PERRY PHYSICAL REVIEW D 58 083003

o * would expect from Eq(1) if the unification masdMy is
Z~f dm>.  exg —47NmMpf] taken to be the Planck madép,.
0 N=0
1 [vIN D. Time scales for evaporation vs accretion
X— | = 22 . - .
NIREES 22 Once a black hole exists within a star, two very different

fates are possible. If the black hole is large enough, it will
The factor ofV comes from accounting for the black holes live long enough that it accretes additional material from the
being anywhere in the box, and the factor dfi'LArises from  star before evaporating away. In this case, the black hole can
their indistinguishability. eventually accrete the entire star. On the other hand, if the

The combination of these results thus defines a probabilitplack hole is sufficiently small, it will evaporate before in-

distribution for havingN black holes with masm. Elemen- teracting with the stellar material. In this case, the legacy of
tary calculations yield the corresponding expectation valuethe black hole is to leave behind its Hawking radiation prod-
for the number density of black holes and for the black holeucts. Since black holes are known to not conserve baryon

mass, i.e., number in their evaporation proces$6s3,13, the net result
of this latter process is a mechanism for baryon decay.
V In order to determine the mass of a black hole required to
(n)~ |_3F‘>| and (m)~Mpy, (23 survive, rather than evaporate, we set the Hawking evapora-

tion time equal to the interaction tim@oth time scales de-
0pend on the masMly, of the black holg The evaporation

wherelp, is the Planck length. Thus, spacetime must be filled.~ ™ ="
time is given by

with tiny Planck mass black holes with a density of roughly
one per P_Ianck volume. These mlcr(_)scoplc_th_ual black Tovag™ oM/ Mp)3, (25)
holes will live roughly for one Planck time. This picture of
}ggrr‘]spacetlme vacuum is sometimes called the spacetiMgnerer,, is the Planck time. The interaction time is given by
Since black holes do not conserve baryon number, these
virtual black holes contribute to the rate of proton decay due
to the gravitational interaction. A proton can be considered
to be a hollow sphere of radius 18 cm that contains three
(valence quarks. Suppose that two of these quarks fall into
the same black hole at the same time. Since the black holghere we have introduced an energy scalavhich defines
will decay predominantly into the lightest particles consistenthe number density of the star through the relatioaA®
with the conservation of charge and angular momentum, thignotice that A~200 MeV for a neutron star and\
process effectively converts the quarks into lighter particles~0.1 MeV for a white dwarf Notice also we have taken
These particles will usually be electrons and neutrinos ang =c=1, which results in the shortest possible interaction
hence baryon number conservation is generally violated. Ifime. The critical mass black hole, the smallest black hole

other words, quantum gravity introduces an effective interthat will survive rather than evaporate, is thus given by
action leading to processes of the form

_ -1
Tine=(Now)

Tp| _
= 2 (Mpn/Mp) “2(Mpi/A)?, 26)

Mot =Mpi(47) " Y3(Mp/A)3". (27)
g+g—l+v. (24
For nuclear densities, such as those encountered in a neutron
This interaction can be regarded as a four-Fermi interactiostar, the critical mass black hole is abol,* =4
whose coupling strength is determined by the Planck mass< 10''Mp~4x 10° g (about the mass of a tractor trailer
This process is mediated by black holes and can violate corFor the density of a white dwarf, the critical mass is some-
servation of baryon numbefNote that this process cannot what larger,M p* =4X 10"Mp.
be mediated by just gravitons because such interactions con- The corresponding values f, the number of particles
serve both electric charge and baryon number. required to make the black hole, are also lafge:4x 10*°
The probability of two quarks being within one Planck for the neutron star case ahb=4x 10°2 for the white dwarf.
length (p~10~33 cm) of each other inside a proton is about ~ All of the mechanisms for black hole formation favor
(Mmp/Mp)3~10~5". This value represents the probability per small black holes over large ones. In particular, the most
proton crossing timerp~m,§1~10*3l yr, if we assume that probable black holes will be much smaller than those re-
the particles move at the speed of light. In order for an in-quired to survive and accrete the entire star, rather than
teraction to take placesuch as Eq(24)], a virtual black hole  evaporate. Even if the minimum possible mass for a black
must be present at the same time that the two quarks atele is as large as the Planck mads,, almost all black
sufficiently near each other. Including this effect reduces thénoles will still evaporate long before they can interact and
overall interaction probability by an additional factor of grow. The net result of black hole processes within degener-
mp/Mp,. Converting these results into a time scale for pro-ate stars is thus to create a channel for the evaporation of
ton decay, we find an estimated proton lifetime g8  mass energy. In other words, black hole processes lead to the
~10% yr. Not surprisingly, this lifetime is also what one decay of baryons and the loss of energy from the star.

083003-4



GRAVITATIONAL DEMISE OF COLD DEGENERATE STARS PHYSICAL REVIEW [38 083003

Ill. LONG TERM STELLAR EVOLUTION In this regime, stellar evolution is thus determined once the

Given the results obtained above, the long term evqutior%affeCt'Ve nucleon decay ratép is specified. Unfortunately,

. ) ' as discussed above, the decay datecan take a rather wide
of cold degenerate stars is now clear: They will slowly ) . -
evaporate range of values. The resulting evolution is shown in Fig. 1
' : for the representative value &%= (10" yr) 1.
The rate at which the stars evaporate depends on the blacd® Degengrate objects becomz Iz(irger)i/n) radial size as they

hole formation rate, which in turn depends on the minilT'umlose mass. White dwarfs will follow the evolutionary tracks
mass black hole that can form. If the smallest black hole_. ) y

mass is less than or comparable to the proton mass, then tHeren by Eq.(32) until they expand to a size for which they

net result will be gravitationally driven proton decay at a rateg\rlilEgofn\?vi;giﬂznsgt; nﬁ;;zlshgscjlfr;|:gnn~tth(fo_sgaﬁ/|s future
I'p. If the minimum black hole mass is larger and contains ' O

. . . the star’s track in the H-R diagram will change its slope. The
the mass equivalent & nucleonge.g., if the Planck mass is : e
o .~ above expressions for the stellar luminosity and the surface
the minimum black hole mas$~10'%, then we can still

define an effective nucleon decay rate through the relation temperature remain valid, but the mass-radius rela{8i .
no longer applies. The structure of non-degenerate matter is

Cp=NTypp, (28) largely determined by Coulomb forces, which enforce
roughly uniform densityp,, and the star follows an evolu-
where Ty, is the rate of black hole production. This form tionary track[1] given by
does not apply when the black hole mags,,=Nmp is
larger than the critical madd , required to survive rather _ 36moy _,,
than evaporatgsee Eq.(27)]. L.= FoI2p; L

Once the decay rate for its constituent nucleons is deter-
mined, the star will evolve in a simple mannir,3]. The  wherepo,~1 g/cn?. At the start of this phase of evolution,
total luminosity is given by the object has a mass, radius, and density closely akin to

_ _ [t those of the planet Jupiter. The object then continues to lose
L,=TpeM.()=TpM,ce "7, (29 its mass until it can no longer be considered a star. The end
point of stellar evolution occurs when the mass has fallen to
gbout 18 g, the point where the object can no longer com-
pletely thermalize its internal radiation.

Neutron stars follow a parallel evolutionary track given
by Eq.(32), wheremp, is now the neutron mass. However, as
they lose mass and the neutrons are lifted out of degeneracy,
neutron stars must eventually experience a significant read-
justment when the mass drops belevd.0929M ., [7]. Dur-
ing this readjustment phase, a neutron star will either expand
to a white dwarf configuratiol] or explode and widely
disperse its remaining ma$20]. These possibilities are il-
AL, =47R%0sT%. (30) lustrated by the dashed curve and arrows shown in Fig. 1.

For completeness and comparison, we note that stellar
In the second equality we have defined the correspondinblack holes evolve in a completely different manner. As
surface temperature of the star through the usual black bodglack holes lose mass through Hawking evaporation, they
relation, whereog is the Stefan-Boltzmann constant. The become smaller while their surface temperature and luminos-
stellar radiusR, is determined by the usual mass-radius re-ity increase. Black holes follow an unambiguous track in the

(33

whereM, is the stellar mass ard , is its initial mass.

The decay products from black hole evaporation can b
divided into two general classes: those that interact with stel
lar material before leaving the stéoptically thick compo-
nent3 and those that leave without interacti@ptically thin
components Photons and all charged particles will be opti-
cally thick, whereas neutrinos and gravitons will be optically
thin. The fractionF of optically thick components will gen-
erally thermalize within the stellar interior and ultimately
produce a photon luminosity

L

*’y:

lation for cold degenerate stars,9], H-R diagram given by
Mpi| (Mpi| (M, |7 g _,
R, = 1.44 m—D (m_P me mp -, (31 Lon= ETbh' (34)

where mp is the mass of the particle responsible for theA portion of the black hole evolutionary path is shown in the
degeneracy pressure, i.eny is the electron mase, for  |ower left part of Fig. 1. This evolution continues until the
white dwarfs and the neutron masg, for neutron stars. black hole mass dwindles to the Planck mass and the surface
Combining Egs.(30) and (31), we obtain an expression temperature reaches the Planck temperature. Beyond this
for the evolutionary tracks of the stars in the Hertzsprungwritical juncture, further black hole evolution depends on

Russell(H-R) diagram, quantum gravity effects and is largely unknown.
2\ 6/5 Notice that the long term evolution of white dwarfs is
L, ~1.54mog) ¥ FT )2/5( Mpi ) completely specified by Eq§32) and(33), and that all of the
*Y B P MpMp parameters are known except for the value of the effective
s proton decay rat&' . For black holes, the long term evolu-
« ’\n/l];) m,;4’5T12’5. (32) teitogrés given by Eq(34) with absolutely no unknown param-
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FIG. 1. The long term evolution of cold degenerate stars in the H-R diagram. Upon completing the early stages of stellar evolution, white
dwarfs and neutron stars rapidly cool to an equilibrium temperature dictated by black hole induced protofassaagd here to occur at
rate 'p=[10*° yr]~%). The white dwarf models are plotted at successive twofold decrements in mass. The mean stellar(idensity
Log[ p/g]) is indicated by the gray scale shading, and the sizes of the circles are proportional to stellar radius. The relative size of the Earth
and its position on the diagram are shown for comparison. The evaporation Bfarfeutron star is illustrated by the parallel sequence,
which shows the apparent radial sizes greatly magnified for clarity. The Hawking radiation sequence for black holes is also plotted. The
arrows indicate the direction of time evolution.

IV. SUMMARY tional nuclear burning lives as white dwarfs, with most of the
remainder becoming neutron stars, this work describes the

The final demise of white dwarfs and neutron stars WIIIIong term fate and evolution of almost all of the stars in the

take place on a time scale that vastly exceeds the current a
of the universe. However, in the absence of conventional Y:
unification scale proton decay, the black hole processes out-
lined here will determine the ultimate fate of these cold de-
generate stellar remnants. Within the stars, the formation of
small black holes is strongly favored over large black holes We would like to thank G. Kane for facilitating the visit
and hence essentially all processes result in black holes thaf M. Perry to U. Michigan. We also thank A. Zytkow for
evaporate rather than accrete additional stellar material. Thiateresting discussions. This work was supported by a De-
net result is that degenerate stars will themselves evaporagartment of Energy grant, the NSF Young Investigator pro-
and follow the evolutionary tracks depicted in Fig. 1. Sincegram, NASA Grant No. NAG 5-2869, and by funds from the
the vast majority of stars are destined to end their convenPhysics Department at the University of Michigan.
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