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Abstract In this work we extend previous work on the evogenerical equation of state in the fofn= wp and in spite
lution of a Primordial Black Hole (PBH) to address the preshat values otv larger than-1 are usually considered, some
ence of adark energy component with a super-negative equarks have raised the possibility that the dark sector may
tion of state as a background, investigating the compatitibe characterized by a fluid with an equation of state with
between the radiation accretion, the Hawking evaporation< —1, known throughout the literature as tpkRantom
and the phantom accretion, the latter two causing a decreasegy.
on black hole mass. It is found that there is an instant during There are many physical consequences of such phantom
the matter-dominated era after which the radiation acameticomponent in a variety of physical species present in the
becomes negligible compared to the phantom accretion. Theiverse, most notably the spacelike singularity known as
Hawking evaporation may become important again depente Big Rip [1./2], or even more fabulous possibilities, like
ing on a mass threshold. The evaporation of PBHs is quiteeBig Trip [3./4]. Some effort has been made to remove the
modified at late times by these effects, but only if the GeBig Rip singularity, but it is still premature to rule out or
eralized Second Law of thermodynamics is violated. support definitely any scenario.
) We work within a general phantom energy scenario in
' this paper. It has already been acknowledged that, beirg suc
an exotic physical species, the phantom energy may also
PACS 04.70.-s; 98.80.-k: 95.35.+d change the accretion regime of black holes [5]. In the ptesen
paper we investigate the influence of phantom energy accre-
tion onto primordial black holes (hereafter PBHs) together
- with the radiation and matter accretion/evaporation fatyne
1 Introduction addressed.

) i . The PBH interaction with different types of energy in
The now widely accepted accelerated expansion of the Uglg universe is the continuous subject of several sudies, as
verse in its recent history is yet to be fully explained. Sale \yg|| as their interaction with cosmological boundary cahdi
possibilities to reproduce this effect have been advancegins [6]. Several numerical results also work as test fields
ranging from “conservative” to very unusual ones requiringy ajternate gravitational theories, and the questiogand
new physics. One of the most economical hypotheses tha§ their very formation at extreme cosmological scenarios
has received a great deal of attention is the late dominangg beginning to yield several interesting restlts [7].
of a fluid with an “anomalous” equation of state, a sort of \\e shall focus on the new features specifically intro-
analogue of the inflationary propo_sals but at a Iower_energﬁced by the phantom eral[8], and generally refer to the
scale, the so-calledark energy. As is customary to write & f|| evolution of the PBHs across the mass-time plane. Pre-
5. C. Guatiento vious attempts to address this problem have been Iimit_ed
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2 PBHs evolution in the early Univer se 2.3 Accretion regimes

2.1 The radiation-only accretion equation As is well-known, the Friedmann equation can be solved to
follow the cosmological evolution of the phantom energy, as

Our starting point will be the evolution equation for PBH§iven by Babichev, Dokuchaev and Erosheriko [5].
in the radiation-dominated era addressed by several author

(see Custodio and Horvath [9] and references thereinkhwhi lp+plO a ¥t (6)
takes into account the accretion of radiation and the Hawk- neglecting all other contributions. The densities of the
ing evaporation at a semiclassical level. Ignoring thedpot 4 giation, matter and phantom energy terms evolve as repre-

tially relevant) “grey factors” in the absorption of rad@t, gantedin the graphic shown in Figliie 1.
the resulting differential equation for the black hole mislss

reads quite generally

dM  AM) 27nG? ) log(pi)
o M2 + Tprad(T)M 1)
_ hc

with t being the cosmological timé&(M) = &z a (M), with
o (M) called therunning constant [10], counting the degrees
of freedom of the emitted particles on the Hawking radiation
(in CGS unitsA= 7,8 x 10?% g®/s for black holes evaporat-
ing today [11]), andoaq(T) the radiation energy density at
temperaturd at the timet.

In a Universe also filled with phantom energy, the accre-
tion of such exotic component should also be taken into ac-

count. Babichev, Dokuchaev and Eroshenko [5] have worked to Big Rip
out a differential equation for a black hole accreting phan- ~~ |
tom energy only, obtaining a counterintuitive result thaap- fph og(a)

tom energy accretiodecreases the overall black hole mass.Fig. 1 Evolution of the radiation, matter and phantom energy diesssi
The expression is similar to the accretion term inglg. (1d, awith the scale factor. The exact positiontgf depends on the densities

is given by and equation of state of the radiation and phantom energy.
2
d_M = % Mz[pph + p(Ppn)] 2) As expected, there is an epoch in which the radiation and
dt c phantom energy accretion terms from éq. (5) become com-

parable. We call such an epoch tbigantom time, or tpp. It
. . must be noted that this instant is distinct from the one when
2.2 The complete accretion equation the lines of Figurdll cross each other. The phantom time

. L . . represents the cosmological instant when the phantom en-
Considering the radiation accretion and evaporation ter y accretion term dominates the radiation term, changing

from eq. [1) together with the new phantom energy accretigph stically the black hole evolution dynamics. We can calcu
term in eq.[(?), and assuming no interaction between the tyi@e the value of this time as a function of the initial rattiat
different species, the complete equation for the accretfong g phantom energy densities.

the different types of energy into the black hole is just The radiation density as a function of the scale factor is
given by the Friedmann equatiofaq = p%d(%)“. During
dm AM) 2 ) the matter-dominated era, the scale factor as a function of
- v e [2771prad(T) + 1677 (Pph + P(Pph)) | M*  time is given by
3
Using for the phantom energyp) = wp, w < —1, the a(t) _ (3Hot 7 )
phantom component of the accretion may be written as ag \ 2
Therefore, the radiation density evolves in the matter-
Pon+ P(Pph) = (1+ ) Ppn ) dominated era as
and the complete accretion equation becomes o
3Hot\ "3
Prad = pr%d <TO> ©))

M AM) & )
T M T & [271Prad(T) + 167(1 + ) ppn| M Similarly, with the phantom energy el (4) and evolving
(5) according to eq[{6), and with the time dependence of the



scale factor evolving as of ed.](7), the phantom energy den-

sity as a function of time is U~ [3KeTgec 142 (14)
poh 3Hgt —21+w) .
Pph = P (—> 9) Well before the phantom energy becomes important, the
11+ | 2 PBH mass equation, including now the dark matter contri-

The epoch when the phantom energy accretion is as iRition, is just
portant as the radiation accretion is the instant when,tequa

ing both expressions according to dd. (5) dM A 272 161G2 om
=2 2 e+ =2 P2 (15
16 dt M C C°  Um
Prad= — 535 (l+ (A))Pph (10) . .
27 We must remark that we are always referring thféuse
Inserting the time dependences calculated in[dq. (8) &M component, an appropriate assumption prior to any
eq. [9), this equation yields thphantom time. structure formation.
o 2 (Ep_&]> §-2(1+w) 1km a 3.2 Numerical predictions
1s 3Ho \ 27, 1Mpc-1s Because we are interested in the fate of a wide range of black

hole masses, we should integrate equafioh (15) numerically
with Hp expressed i% and, as the initial valuqsgh and for several initial conditions and cosmological parameter

p%, calculated at the end of the matter-dominated era. To solve this equation, we first rewrite it in explicitly
We can express this transition time in terms of the relime-dependent terms

shift, using eq[(Z0), with the initial conditioms, ;= 8.12x

1crl_3 s and-p.gh =179x 10*? = appropriate for the o s Poec - o

obtained conditions, finally coming g =~ 3.1. Pm=Pm(1+2)°= W(Pr 2)° = pdec(T) (16)
It is reasonable to suppose the transition between radia- dec

tion and phantom accretion to be instantaneous due to theLetting m= 100 GeV andTyec~ 1 GeV, (1 + 2)gec ~

very steep radiation/phantom density ratio, which can heyg . 10i2 yields

easily seen by rewriting ed.(1L1) for an arbitrary epoch.

Nlw

1

0 -§+2(1+w) 3k T, 1+z tdec\ 2
Prad _ Prad 3Hpt\ 3 _ B ldec — 0173 ( dec 17
o ol T (T @) sy m0E() T an

Poh Pgh
The radiation density quickly becomes negligible com- settingo® — 36 0. — 224 % 10-3 9. and =
pared to the phantom energy. The higher|thg the quicker 3 %Z't?onﬁ"l; rerznads onp &N Prad
the transition becomes. 32ne2 €0

dm A  81GM?1  16m(GM)? pR(1+2)3ectdec

3 Effects of dark matter accretion @ M BRI c3 017% (t18)
. . . . M
3.1 General results wh|cr31 can be solved introducing new variables Mg
__oac’ty

= andx = log( & ), yielding an equation of the
Up to this point we have neglected completely the possitl}ile0 G g (to) y g g

effects of (cold) dark matter on the PBHs, which is a popul

and reasonable explanation for the structure formatioh-pro dy

lem. Within the CDM scenatrio, right after the decoupling of = = —ayy %+ apy’e X+ agy? (29)
dark matter its accretion onto black holes will depend on the dt

black hole cross-section for point-like particles. Theref \yith a; — —ACG_ — 130x10°% , _ %a — 253125 and

the time dependence of the mass would be given by acMg — aMmj
az = 1.38x 1042M,.

dM  16nG? pm ) The dark matter accre.tion should b_e taken .int.o account
o TU_M (13) for x > X4ee We may also introduce an instaqgtsimilar to

m the phantom time, in which the dark matter and radiation
whereun, is the dark matter particle density, computed afterccretion have the same value. An estimatediggandx, is
the decoupling given by




. 0 8_2(1+
0=247510 Mo xee=log(S2ET) @0 e g2 (1600) Y
0 c "a"3Ho \ 2702, J

1
ay’e ¥ =agy’ — x, =log <71'83|\;< 10 )
0

21
(21) After this time, the Hawking evaporation is no longer a

) ) ) relevant mechanism for black hole mass decrease, until its
Table[1 summarizes a few numerical estimatesd@t mass reaches the transition value discussed in sggtion 5.
andx,, covering most of the important PBH masses. It is also convenient to calculate the initial mass of the
black hole which disappears &. For that purpose, it is

) o enough to consider only the Hawking term in &d. (1), which
Table1l Numerical values foxdecande for some |n|t_|al values forthe yields the well-known solution
black hole mass, along with calculations for the times ofpevation

with (ng,aF) and without evap) dark matter. 1
_ 3
Mo (9) Xdec X Xevap Xg/ap = 3A(M) M' (24)
10° [ 5256 76.59 63.99 63.99 ) o ) )
1° | 50.26 7429 6859 68.59 wherert is the evaporation timescale. Restoring the cgs units
1010 | 4796 7198 7320 73.10 T reads
10 | 4565 69.68 77.81 77.81
10'2 | 4335 67.38 8241 8241 o M2
103 | 41.05 6508 87.01 87.01 T~10 (M—> (25)
10" | 38.75 62.77 9162 91.62 ©
10 | 36.44 6047 9623  96.22 Combining eq.[(2R) and ed_(24), we find a third degree
101 | 3414 5817 10083 10083 equation inM¢, whose solution is the critical mass of the
black hole that will evaporateompletely att =ty
p
An inspection of Tablé]1l shows that only black holes M3 M2
with masses greater than®19 shquld be influenced _by the 3A(IC\/I) + 100\/‘;2 =tph (26)
dark matter accretion at early times. However, this effect Haw

of the dark matter term happens to be small, because it i . 3

rapidly overcome by the accretion of radiation. This can é@é use the numerical values AtM) < 7’_8 x 107 % [0

expected on physical grounds because the geometrical d#idMhaw = 10'° g, as well as the numerical values m,

tion of the dark matter component “starves” the PBHs Hrac: @ andHo necessary to computg,. The instant when

quickly diminishing the flux of particles coming into themthe critical mass assumes this value is found by inverting

Note that this particular evolution doest refer to much €d. [22). _ o o

later epochs where dark matter halos had formed, possibly Since the mass gain due to radiation accretion is not sub-

then contributing to the growth of PBHs as seeds for the tantial [9], all black holes witiv; < ME" which reach crit-

timate supermassive galactic residents. ical mass afleross S te, Will disappear beforep, and will
The numerical results for the evolution through time armgever reach the phantom era.

depicted in Figur€l2 for the highest initial condition, as an

example. The resulting bump in the mass (Eig. 2) has been

exaggerated for the sake of clarity. 5 The competition between phantom accretion and
Hawking evapor ation

4 Behavior of the critical mass function We have emphasized before that, since afjgthere is no
efficient mechanism that could increase the mass of the black

With expression eq[{11) for the time, we can calculate tf@les, there is no longer a critical mass function. However,
value of the critical masll; in the instanty,. From Custodio due to the presence of a phantom field, there aretnowdis-

and Horvath[[9], the expression for the critical massis  tinct regimes of mass decrease, whose relative importance
) depends on the mass of a given PBH entering the phantom

1 era.
Mc(t) ~ 10Mpaw <L> 2 g (22) Taking eq.[(b) and neglecting the radiation term, we can
1s describe the evolution of black hole masses during the phan-
During the late phantom energy accretion dominance ef@mn era. Let us define a ratio between the two remaining
a critical mass function would be meaningless, since thaems,
is no longer a relevant mass increase mechanism. Thus, the )
largest value reachable by the critical mass in a Universe Mph G? 16m(1+ @) Pph

— 4
filled only by radiation and phantom energy is ¢(M)= Y- (V) M (27)




or, in terms of a&ransition mass M
M\ 4 M; > MMa
E(M) = <m> (28)
t
M= |
with Me
M; ~ M2
S AM) 17
M= | ] 29) " :
161mG? (14 w)pPph o .

Substituting numerical values for the constants, we OBy 2 primordial black hole evolution in the matter-radiation-

tain an expression fdvl in terms of the phantom field den-phantom energy scenario. The thick lines represent therelit trajec-
sity tories of black holes of different initial masses. The Big Ringularity
occurs atgg.

M 22 5.5 x 10t[(14 w)ppn) ¥4 g (30)

with pph given in g/cnd. .
Since both regimes are of madecrease, the black hole 6 Conclusions
mass will diminish mostly due to phantom accretion un-

til it reachesM;. After this, the predominant effect will be\ye have studied in the present work the evolution of PBH
Hawking evaporation, since ed. {28) shows that the changeyarious regimes of accretion/evaporation in the verjyea
in regimes is sufficiently sudden for us to make this approxng contemporary Universe. In particular, we have extended
imation. _ . and clarified the evolution in the radiation-dominated and
To find the time dependence of the transition mass, Weatter-dominated eras, including the features of diffuB&IC
must first know t_he evolution of _the phantom density. AGccretion producing only a small bump in the mass of the
cording to the Friedmann equations for the phantom fluiBgHs at early times. We have generally confirmed previ-
we finally obtain|[5] ously known features of the semiclassical pictures of PBH
evolution from a general point of view. Novel features are
31 ) /81 1 introduced in this scenario when a phantom energy compo-
~1 g1 + w 2 nent is introduced, as suggested by Babichev, Dokuchaev
(Ppn) ™2 = (Ppn) 2+ —— (T) t (31) " and Eroshenkd [5].

) ol o ) ) Broadly speaking, a phantom field introduces another
with (pgp)~2 being the initial density of the phantom field eyaporation regime that competes with the celebrated Hawk-
Inserting this result on equation e@.30) the time depeing evaporation. We have found that the joint consideration
dence ofVk is obtained of the relevant terms quenches the asymptotic approach to a
common mass resulting from the phantom term only. This
N conclusion should, however, not be considered as definitive
0..1 314+ w) /811G 2 Its validity rests on the assumption of the entropy for the
(Ppn) ™2 + ——— <T> t] 9  phantom fluid being negligible, which is not the most gen-
(32) eral possibility. In fact, the enforcement of the Generdiz

The initial value of the transition mass depends on bogfcond Law (GSL) of thermodynamics quktbidl_the
the initial value of the phantom density and @nlt is worth evaporation of the PBHs by phantom accretion([1b, 18] In

remarking that this transition mass is meaningless in tﬁgd't'on’ itis not clear wheth_er the GSL Sh.OU|d be Va“q In
radiation-accretion regime. presence of the phantom fluid not respecting the dominant

; ! : : nergy condition, as pointed out by Izquierdo and Pavon
FigL'Il'rheEc.hfferences between the three regimes is depicte i'5], and models may be constructed in which the GSL must

It is important to stress that the Hawking evaporatiotﬁe mOd'f'ed' There is a rich variety of b.ehawors (16,17]
does not become negligible aftgy, if taken into account ywthm pha_ntom_energy models that remains to be explored
as an independent process. However, the masses for wii %onnectlon_wnh the PBH evolu_tlon problem. In particylar
it becomes important < M) drop by a factor of 19after l[ate evaporation may f:onfllct with the generalized second
the transition. This suddenly drives many black holes, b‘.ﬁw of thermodynamics [18].
not all, into the new regime. When, however, the black holes

reach the Planck mass, a full quantum gravity analysis t?@c;_knovwledgements D.C.G and J.E.H. authors wish to thank CNPq

comes necessary to properly determine its fate, since it fg&yzil) for financial support through grants and fellowsiJ.A.F.P
been shown that the Hawking evaporation no longer behaves been supported by CNRS and Fapesp Agency during a fesearc

as expected on such scales|[13,14]. visit to IAG-USP to complete this work.
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