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1. Introduction

We briefly review recent developments in the mini black hole production aagdogation
mainly based on the series of works done by Ida, Oda and Bafk [ A. 31 the low energy
gravity scenarios such as ADD and RS-I, the CERN Large Hadronic co(lid#C) will become
a black hole factory[[9]6]. Above the TeV Planck scale, the classicalyation cross section of
the (4+ n)-dimensional black hole grows geometricatty~ 8/ ("1 with v/ being the center of
mass energy of the parton scattering.

Once produced, black hole loses its energy or mass primarily via Hawkieg(#h) radia-
tion. The Hawking radiation goes mainly into the standard model quarks atwhfefspinors) and
gauge bosons (vectors) localized on the brane, except for a fewagreiand Higgs boson(s). The
guanta of Hawking radiation will have characteristic energy spectrumrdeted by the Hawking
temperature and the greybody factor. The process of Hawking radiatfonr dimensional rotat-
ing black hole has been treated in detail by Teukolsky, Press, Pagdtard m 1970s’. In higher
dimensions, however, it is shown that the process has quite diffeintés.

¢ Hawking temperaur@y O (Mph)/M,)Y (D of a (4+ n) dimensional black hole is much
higher than 4 dimensional one with thmall fundamental scal®l, ~ TeV < Mpjanck With
this high temperature, the number of available degrees of freedom fokikigwadiation
are much bigger ifi4 + n) dimensions with all the standard model particles localized on the
brane [].

e The near horizon geometry ¢4+ n) dimensional black hole is quite complicated. Its ge-
ometry is different from that of a four dimensional Kerr black hole. With liigghly mod-
ified geometry in the vicinity of the event horizon, frequency dependemection factor
of Hawking radiation, i.e., greybody factor, is also largely modified (algotlse references
[P, £0,[11] as independent studies on the same topic).

To understand the physics of those black holes, we have to underseagettbody factor of
higher dimensional, rotating black hof[eJ{2] 13].

2. Generalized Teukolsky equation and greybody factor

The induced metric on the three-brane in tder n)-dimensional Myers-Perry solutiofy [7]
with a single nonzero angular momentum is given by
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The parameterg anda are equivalent to the total maktand the angular momentuin
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(2.3)
evaluated at the spatial infinity of ti{d + n)-dimensional space-time, respectively, whase, =
2m3tN/2 1 ((3+n)/2) is the area of a unif2 + n)-sphere andy.y is the (4 + n)-dimensional
Newton constant of gravitation.

1.Subtracting outgoing wave contamination at NH and separating ingoing égirogiwave
at FF are described. 2.Here we answer the question :what fractioeigfyerrould be radiated into
Hawking radiation in spin-down phase.

2.1 Asymptotic solutionsin Kerr-Newman frame

We are given a linear, second-order equation, say

d’R dR

wheren andrt are determined in Kerr-Newman frame as:

n— _(s—l)i’+2iK’ (2.5)
- 2icor(25A 1)—)\' (2.6)

A=r24a®—(rj+a° (%‘)nil,
K = (r’+a%)w—ma. (2.7)
The asymptotic solutions are given at NH and FF limits:
RV~ Wiy -+ W€ AS, (2.8)
RTF ~ Yr® 14 Y& . (2.9)
2.2 BC: Subtracting outgoing contamination at NH
The solutions near the horizon— ry are
NH 1+a1(r—rH)+%(r—rH)2+--~,
o = €K (1 —ry)S(L+by(r—ru)+--), (2.10)

where the coefficients’s andb;’s are straightforward to compute:

T_1
a — — L 211
1 L (2.11)
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(2.13)
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wheren; andT; are j-th order coefficients of Taylor expansionmfandt, respectively.
Fors=1/2and 1,

2i —A
T = %’ (2.14)
IAY]
A 2iw
To = /\A—§+551?(A1—A2), (2.15)
1 1
1 Ko
== —2i— 2.1
n-1 255,1/2 IAl’ (2.16)
2i
No = —7(K1A1— KoAz), (2.17)
A1
where
A =2+ (n—1)(1+a?), (2.18)
Ay =1-n(n—1)(1+a%)/2, (2.19)
Ko = (1+a%)w—am, (2.20)
Ky = 2w. (2.21)

The problem is to integrate §qg.p.4 from purely ingoing initial conditions=atg out tor — oo,
Choosing the positive choice femakesy;, stable and easily determined by an outward integration.
However, for such an integratid®{ is unstable against contaminating the purely ingoing solution.
We can avoid the difficulty in mid-integration, relying on a mathematical transftcomaf the
eguation to stabilize the solutions in the two asymptotic regimesry andr — o as follows. To
counteract the above contamination, let

R=R— (1+ay(r —rp)). (2.22)
Thenf satisfies the equation
ZR=q, (2.23)

whereZ =d?/dr2+nd/dr+tandg= —% (1+ay(r —rpy)) = —nar—1(1+ay(r —ry)). Equa-
tion[2.23 is now stably integrated through both asymptotic regimes, i.e., from énéragzon to
far field regimes.

Near the horizonR becomes

R(r —ry) = %(r—rH)sz---. (2.24)

2.3 Separating solution at FF
Fors=1/2,

Cf f f
FF 1 2 3
in ™ l+*+*2+*3+“',
r r r
f f
dl d2

o1
REF ~ ez'k'*F(1+T+r—2---), (2.25)
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where
f A
C, = —i— 2.26
1 Izw’ ( )
(2.27)
Then,R; /, becomes
~ Yincs ghior
Ryjo(r — o) ~ (Yin+1—a1) +ar + '”r L 1 Yout —. (2.28)
Using this expression, we can easily readstwithout numerical difficulties.
Finally, the greybody factor could be written as
Feqp=1— 2w Your® (2.29)
THETT pef| Ml
Fors=1,
\"} V v
FF R
ikr. L dy dy d¥
FF ikr, = A2, B8
Rif ~ € S+ ) (2.30)
where
A
c] = —i— 2.31
A2 — 4aw(aw — m)
¢y = — 2.32
2 86()2 ’ ( )
Then,R; becomes
. YincY eZiwr*
Ru(r — o) = (Yin —a0) 1 + (Yin€] — 1+81) + =2 +You—— (2.33)
Using this expression, we can easily readoatwithout numerical difficulties.
Finally, the greybody factor could be written as
20.)2 ’Yout‘z
Me1=1— . 2.34
T (234

3. Hawking radiations of mini-black hole

Schematically black hole evolution follows five successive steps as is deickeg.1: the
production phase, the balding phase, the spin-down phase, the 3sbhiltt phase and the Planck
phase. When a black hole is produced in high energy collision (produgkiase), the geometry
is highly irregular, and could even be topologically non-trivial. By emittingKpgravitons and
other patrticles, the black hole will be settled down to a rotating black hole whaupisosed to be
well described by Myers-Perry solution {4+ n) dimensional spacetime (balding phase).
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The decay in spin-down and Schwarzschild phases are calculable inagkiasvking radi-
ation. We are interested in those phases (spin-down phase and Sathildrphase) and would
answer what fraction of energy will be lost in each of these phases.

The rate of energy (and angular momentum) loss by Hawking radiation is gs/éllows:

d/ M 1 o w
2 _anmgs/o dooNsi) | 2 . (3.1)

wheregs is the number of “massless” degrees of freedom at temperatur@mely, the number of
degrees of freedom whose masses are smallefthaith spins. The expected number of particles
of the species of spimemitted in the mode with spheroidal harmorlicaxial angular momentum
mis
sl'1,m(a, w)
(Ns1.m) = elw-mQ)/T _ (_1)2s’

(3.2)
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Figure 1: Hawking radiation fronD = 10 black holes=1,a=0.01,0.3,0.6,0.9,1.2,1.5.
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4. Time evolution

From the ratio of energy and angular momentum irf €fy.3.1, we can defindeairseiant
functiony(as = a/rs) as follows:

dina
1 _ S
n+2/1dJ 2
_2<MM_M4> (4.2)

Now we calculate the ratio of findi{;) and initial(V;) energy of black hole by integrating the
eq[4.] withag(ini) for initial angular momentum.

Mg ag(final) V(as))
— = EX / das——= ). 4.3
Mi p( a(in) @ 43

The amount of energy which is radiated in spin-down phase &Jfinal) < as < ag(ini)) is (M —
M;) andMs will be also radiated in Schwarzschild phase where the angular momentutacéf b
hole is zero.

Next, let us consider the evolution of the black hole. Since time scale$8sn (4 -+ n)
dimensions, it is convenient to introduce scale invariant rates for energy andangwmentum
as follows.

dinM
— _¢N+3
B(as) = rg+3dl;:‘], (4.5)

with these new variableg(as) can be written ay(as) = B/a(as) — (n+2)/(n+1). We also
introduce dimensionless variablgandz to take angular momentum and mass of the hole:

= —Ina, (4.6)
=—In l\'\//lli’ 4.7)

then finally we get the time variation of energy and angular momentum in termalefiswariant
time parametert(= r3"~3(ini)t) with initial mass of the hole:

dz a

dy p-a(Fg)

Y _g_qa (“2)) eniiz 4.8)
dr n+1

After finding the solutiong(y) andt(y) of the coupled differential equatiohs 4.8, one can get
y(1) andz(1), henceas andM/M;, as a function of time. From these, one can find how other
gquantities evolve, such as the area.

1We can easily understand this by simply looking at the formud /dt ~ AT# where the surface area of horizon
A~ rZ for brane fields and the temperature of the Hble 1/rs andM ~ r0+1,
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Figure 2: Evolution of bh inD = 10.

Up to now we have used a unit where the size of event horizon is fixed-ad and angular
momentum of the hole is parameterized lay £ a/rp). For conversion of unit, the following
expressions are useful witg = an/(1+a2)¥ ("2,

M
afas) = A1+ @) @.9)
B(as) = —kiH(1+ aﬁ)%rﬁidi, (4.10)
adt
where
1
1 161G n+l
In = <M nm1 = _— s 4.11
=T ((n+2)Qn+2> #11)

In Fig 2, black hole evolution in units of the initial mass as a function of rotatioarpateras
for scalar(s), fermion(f), vector(v), and sum of all the standardehpdrticles(SM) irD = 5(left)
andD = 10 (right) are shown. The initial angular momentum parameter is fixedsby 0.83
and 267 in D =5 andD = 10 that are the maximal rotations allowed by the initial collision,
respectively. The mass of the hole goes to zero before the rotation garagoes to zero when
only scalar emission is available. However, when all the standard mode &stdturned on, the
evolution is essentially determined by the spinor and vector radiation. It iglfthat a black hole
spins down quickly at the first stage with large rotation parametand the decrease of rotation
parameter slows down as angular momentum of the hole is reduced.

When all the standard model fields are turned on (SM), the evolution istedsedetermined
by the spinor and vector radiation. The figures show that a black holg dpin quickly at the first
stage with large rotation parameter and the decrease of rotation parametedsien as angular
momentum of the hole is reduced.

5. Summary and Discussion

The complete description of Hawking radiation to the brane localized SM fieldishe con-
sequent time evolution of mini black hole in the context of low energy gravimago has been
made.
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We have developed analytic and numerical methods to solve the radiallSkeplemuation
which has been generalized to the higher dimendioa @+ n). Two main points in our numerical
methods are as follows. First, we have imposed the proper purely-ingoimglary condition near
the horizon without the growing contamination of the out-going wave by eitgtower order
terms explicitly. Second, we have developed the method to fit the in-goinguargbing part from
the numerically integrated wave solution at far field region by explicitly obtaitlieghext-to-next
order expansion (or next-to-next-to-next order in vector case)eofdfution. With these progress
in numerical treatment, we can safely integrate the generalized Teukolg&ti@yup to very large
r without out-going wave contamination.

Then we have calculated all the possible modes to completely determine the radhteiof
the mass and angular momentum of the hole. Totally 3407 are computed explitilytloan the
modes which are confirmed to be negligible. A black hole tends to lose its amgataentum at
the early stage of evolution. However the black hole still have a sizable mtadéirameter after
radiating half of its mass. More than 70% or 80% of black hole’s mass is lostgitihe spin down
phase.

Now that we have completely determined the radiation and evolution of the spin-dnd
Schwarzschild phases, only remaining hurdle is the evaluation of the bagdasg, which is still
being disputed due to its non-purturbative nature, to extract the quamawitagional information
at the Planck phase from the experimental data at LHC.
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