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New wave of interest to high energy collisions
Nature supplies us with accelerators free of charge

M. Banados, J. Silk and S. M. West, Kerr Black Holes as Particle Accelerators to Arbitrarily
High Energy, Phys. Rev. Lett. 103, 111102

1) High (unbounded) energy in the centre of mass frame E_c.m.

Black holes, naked singularities, wormholes, flat space-time

BHs: rotating or static electrically charged Collisions outside and inside BH

2) Possibility to get high (unbounded) energies E at infinity (debris after collision) —
super-Penrose process

BSW effect versus Penrose process: what can be seen at infinity?
Additional forces

Classification of potential sources of high E_c.m.
For BHs: classification of possible scenarios



Head-on collision near horizon

1975 - 1977 T. Piran, J. Katz and J. Shanam

Two particles move in opposite directions near BH

Almost infinite relative blue shift

Energy in CM frame almost diverges

When particle with finite energy moves away from horizon, this is
typical of white, not black hole

BSW 2009 Two particles moving toward horizon of black hole
One of particles is fine-tuned



In black hole physics

Collisions outside horizons. Classification of particles that collide with indefinitely
large E_c.m.
General explanation of BSW effect: geometric, kinematic

Principle of kinematic censorship

Rotating BHs versus static charged BHs

Collisions inside horizon

Schwarzschild black hole and high energy collisions



Key quantity: energy in centre of mass frame

1 particle m? = ‘P#P“‘

2 particles colliding in some point

E*,, =[PP

—_ n@® (2)
Totalmomentum P,u =P 7 + P 7

P, = (E

a

0,0,0) u“u, =-1

c.m.’

Individual E finite, energy in CM frame unbounded



Two different kinds of energy

Killing energy E=- pﬂg”‘ f“ Killing vector
I conserved, integral of motion since metric is static or stationary
Energy in the CM frame I
c.m.

not conserved. Moreover, it is defined in one point only.
point of collision



Kinematic censorship

In any collision (and in any event in general) the energy cannot be infinite.
It can be as large as one likes but, anyway, it remains finite.

The simplest case. Let collision that formally give infinite energy:

im @ E =

r—r, —c.m.

Possible ways of resolution:
1) The proper time diverges (such collision never occurs)
2) Event of collision itself is impossible

Case 1) isrealized in background of extremal BH
Case 2) isrealized under horizon



Two particles falling towards horizon. Kerr metric

For some special value of angular momentum,
energy in the center-of-mass frame diverges
near extremal horizon

—_— =2 lh=-2(1+V2)
emem I = 1.8, 15 = —2(1 +V2)
_—— =151 =-21+V2)

—2(1+vV1+4+a)<li<2(l+V1—a)

—2(14+vV14+a)<l<2(1+V1—a)

M. Banados, J. Silk and S. M. West, Kerr Black Holes as Particle Accelerators to Arbitrarily
High Energy, Phys. Rev. Lett. 103, 111102



Acceleration of particles as universal property of rotating black

holes

Role of horizon
Universality of black hole physics

Unified approach to different types of horizon



Geometric explanation

Uop = _laNﬁ ~ |ﬂNa +00p  0,=33t00

lightlike vectors

spacelike vectors a“, pu orthogonal to them

and

N4
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Four-velocity

uy = 2'; + BiN# + 57, si' = Aja + Bib*
- ) = LB+ B2y (sis,),

T m1+m2 2mim,(UgUs)

E2. = m1+m2+m1m2[ﬁ1 ﬁf - 2(515)].

a

0

Case 1
always

For head-on collision
means that particle
cannot cross horizon

Case 2
Special condition
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Case 2

a1 = 0. Now, special condition

E(Z:.m. —> OO0

Kruskal-like coordinates

ds2 = ~CdUQV + y dxadx? Cu'u’ =1

>t o~ — 0. o~ —InX — 0o

Proper time grows unbound (T. Jacobson,
Grib and Pavlov, O. Z.)
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ds?

FOUR-VELOCITIES AND CLASSIFICATION
OF TRAJECTORIES

2

dr
= —N2dt? + g¢¢(d¢—a)dt)2 +T+ g%dé’2

( r‘]l’.’ ﬁ (I)r‘]l’.’ \/E
ut =

=4 —,
N*'g, N* "~ N

2
P = PC’Z—NZ(IJrﬁ), X =¢—wl,
.{}('ﬂ('ﬂ
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E2

c.m

Energy of collision

2 2
=m° +m°,+2mm,y

_ 7
V= _ulyUZ

) _r:t’]r:t’Z_P]PE £]£2
y = Nz :

g P
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Kinematic explanation

E2n = (01 +P5)(P1 + P2u) = M + M5 — 2mymyUs U,

. 1
y = -Uglyy =
1-w?
BSW effect occurs if W - 1 w is relative velocity
1-v§)(1-v?) = =
w2 =1-— ( 1 mi 2 V — V n
[1 —V1V2(n1n2)]2 1 1111
The most interesting case: v, <1, VY, —1

Collision of rapid particle with target

Relative velocity close to c
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hoy, = -N(1,0,0,0),
hay, = (0,1,0,0),
h(Z)/.t = M(Oloioll)l

hew = fOse (-0,0,0,1)

Horizon limit
1) Usual particle,

2) Critical particle

Attached to observer

If
o N V. =h.0
then
u“hl(l3): M \V/ C;:(S),u -0
. —
ZAMO
X =E—qlL=_"N
1-V?
N —- O
E;ta)+L v—>1
E=&)+L V—)Vo<l
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More on kinematics

u" :iﬂp ) Y L2
m P= | X"=N*(m"+—)
9
2 2
V(l) :Jl_%(mZ_l_L) V(3) _ LN
. s,
N “m?
2:1— X2 ur:i \/K V(l)
1-V?
Horizon limit
Usual: x—)xH?fO Vo1l ur¢0

voVv <1 r
Critical X =0O(N)—>0 c u —0
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Collision between massive and massless particles (electron and photon)

E—-wL=NE_, v, —wbL =vN

m

A /1_\/ 2 VvV Measured by local observer

Ekin Measured by local observer

Ekin —

E conserved v, conserved
Usual: V —1 E. — oo Usual: vV —> 00
Critical \/ —)V+ <1 Critical:
| E. finite v finite
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Play of two factors: Doppler effect (DE) and gravitational blue
shift (GB)

Case 1: electron is critical, photon is usual ~ Finite redshift - DE . GB infinite
Effect exists

Case 2: electron is usual, photon is critical DE infinite, GB finite Effect exists
Case 3: both particles are critical DE and GB finite. no effect
Case 4: both particles are usual Infinite DE compensated by infinite GB

Outcome is finite, no effect

19



Extremal versus nonextremal

Problems with attaining extremality, a=0,998 (Thorne)

Jacobson et al, Berti at al: difficulties in realization

Grib and Pavlov: nonextremal Kerr

Extremal case: collision near horizon

P — Lw’i—N?(l +£). X =O(N?)
\/'ll .qrprp
m 2(L, -L,) L=L, —0
E ~
c.m. \/g\/l_\/]? (H)
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The ellective potential for A = 0.95 and (g &= 2.45, | =
2.5, lg =~ 2.76. Allowed zones for [ = 2.5 are shown by
the gray color.

Critical particle cannot penetrate forbidden region near horizon.
However, if there is a near-critical particle there from the very beginning,
there is BSW effect
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generalization?

BSW effect holds for any axially symmetric spacetimes

This may happen for charged particles and
non-rotating spacetimes

Analogous phenomenon is observed when a
black hole is non-extremal (but particle has
to be nearly-critical).

What happens with the presence of a generic force? For other types of horizons?

Types of horizon: nonextremal, extremal (double), ultraextremal (triple, etc.)



Near-horizon expansion of metric

N* =k, vP + o(vP). A=A 07+ o(v?),
W=y + o+ o v w(0)v! 4 o(vh),

9a = 9aH T a1V + U(ﬁ)'

u" = (u") . v° + o(v°). V=1I-—1,

X~X00

P, d. kK metrics
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What we aim to find

We introduce such a classification of types of particles X ~ X,

L

Type
1 Usual
2 Subcritical P29 4 c,
3 Critical
4

Ultracritical

Rk O O
A
)
A
(YS!

Usual - X is constant on the horizon

Subcritical - X tends to zero, but with the rate, r2
smaller then N P = XZ—N2(1+—>,

Yoo

Critical - X tends to zero with the same rate as N

Ultracritical - X tends to zero with the same rate as N, but several first terms in the
expansion of P cancel



For subcritical particles

, N P—q
Xv—|u"| - s =——+c¢
VA 2
For critical and ultracritical particles S —

for ultracritical particles, there exists
another restriction

) A ) 7 Ez »
(u")* = — (Pc" — N~ (1 + —)) ~ =€
N~ e

7

=

X? = N? (1 +
.(}rprp

i _
)plus v=¢TP~4 terms

where ¢ >

(] K



2

d32:—detzJrgw(d¢—a)dt)2+C%Jrg%dﬁ2

2

r:+—\/KP P:\/XZ—NZ(m2+L)
N

9,

u

Near-horizon limit: N->0,A~>0

VA
N

u usual
If ‘u '
changes slower than \/K subcritical
but faster than ﬂ
if ‘Ur ~ \/K N critical
traster than \/K ultracritical
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uf, = (u?)y + (ub), 1% + o(v?).

ﬁ ~ v gqup(utt{)))H T \Y4 gqrqx(“%)byb'

ut ~v=F.

TZO(V_a) a=C-1
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What we aim to find

Central aim of several our works was to find:

For what types of particles and for what horizons does the high-energy collision effect
survive while the forces, acting on such particles, remain finite?

« 1-st case: equatorial motion

In this case, the 4 . X L oX A
velocity isgivenby ¥ = ﬁ,g—(ﬁ 0N P,0).

Now, X is not a constant and is X =¢-ol, P
defined by the external force

|
Q

ad

|

s
/:\

_|._
%Q’h
< )
\u_./

As it is not a constant, we assume that
near the horizon X behaves as
X~ X,



TABLE I.  Characteristics of the near-horizon behavior of u", u’, X', and the proper time z. Here, the proper time
changes as 7 ~ v™%. The value @ = 0 means that the proper time logarithmically diverges 7~ |Inv|.

Type c f s a=c—1
I Usual =L p 0 g=p=2
2 Subcritical TP <<t 2 _ 294c,0<s<Z ep2 o o <92
3 Critical 3 £ - ) g2 }
4 Ultracritical c>1 Z - 0> 222
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Acceleration

i) ir)
a, = Nda, a, =
@) o
Ay = \/Gppla? — wa'), iIﬂ

ay) = [.ﬂif])"ﬂv"ﬂ Fo(vm),

ﬂi}r:l — {ﬂf}rl}m vt 40 EHI}‘

ﬂr’.l-=|'-’1r'.-1) n-'}ﬂ't).

Tetrad components in ZAMO frame

v”_a
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From metrics and acceleration
(force) to possibility of BSW effect

Given n01n11n2 p1q1k
Properties of near-horizon 4
collisions?

N? =k, 0P + o(vP), A=A 07+ o(v?),

w=wy+ v+ o v+ w(0)v + o(vh),

Ya — YaH T a1V T ”(f")-
31



BSW effect and types of particles

By analysing the gamma-factor for various Y. X, — P, P
types of particles, we obtained such table y = 2 5 2 ik :
of possible scenarios N oo

TABLE II. The possibility of BSW phenomenon for different types of particles. D means that the gamma factor
diverges, and R means that it is regular.

First particle Second particle d 4

1 Usual Usual 0 R

2 Usual Subcritical S D
3 Subcritical Subcritical ls1 — 52| Dif s; # 5,
R if 51 = 5

4 Usual or subcritical Critical or ultracritical p/2 — s D

5 Critical or ultracritical Critical or ultracritical 0 R

Thus, generally, BSW is possible if one particle is non-usual (while second is usual or subcritical)

What happens with the presence of a generic force? For other types of horizons?



TABLE III.  Behavior of the angular component of acceleration.
Type of trajectory 1y

l Usual L+ p—1

2 Subcritical LLrb—1l<n<b-1+4%

3 Critical 14+ b-1

4 Ultracritical n, >4+ b—1
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Results for the finite force

TABLE IV. Classification of near-horizon trajectories for different k regions for ¢ > 2 (ultraextremal horizon).

N On'regu I ar horiz on The fourth solution in (64) is not presented in this table. Definitions of different k regions are given in Fig. 1.
k Region n, Range c Type of trajectory
0<k< p—9q + 1, region I, Stationary metric
2 1 For any type of trajectory, n; is negative (forces diverge)
41 /2 2 2k+#<nl<%—l+k nm+1+p/2-k Subcritical
P—49q +1<k< pT1=49/- ., region I, n =5 1+k q/2 Critical
2 2 ng =% —1 +k and (28) Any ¢ > § Ultracritical
t1-g/2 max(0,9222) < n, < 2k + 522 2m g Subcritical
P q Sk<£, I‘egion III, 2k+@<nl<%_l+k n1+1+p/2—k Subecritical
2 2 n=TL—1+k q/2 Critical
n =5 — 1+ k and (28) Any ¢ > 1 Ultracritical
k> p/2, region IV. max(0,4°52) <, < 422 ny+24q Subritical
ng = qT_Z q/2 Critical
D |Verg | ng force ny =2 and (28) Any ¢ > 1 Ultracritical
Static metric
. . . . . k=0 S sults as in TV for stati tri
TABLE VI. Classification of \pear-horizon trajectories for amersusasm O Satonasy mare

different k regions for ¢ < 2 (noNextremal horizon). Regions
IT and IIT in this case are absent, so thgy are not presented in this AR R

table. The fourth solution in (64) is Nlso not presented in this 1 4nq 1T in
table. Definitions of different k regions\are given in Fig. 1.

Classification of near-horizon trajectories for different k regions for ¢ = 2 (extemal horizon). Regions
is case are absent, so they are not presented in this table. The fourth solution in (64) is also not
ble. Definitions of different k regions are given in Fig. 1.

k Region n; Range c \ Type of trajectory k Regior\ ny Range c Type of trajectory
Stationary metric N\ Stationary metric
1 I and TV For any type of trajectory, 1 1 For any type of trajectory, n, is negative (forces diverge)
n; is negative (forces diverge) ) v =0 | Critical
Static metric n; = 0 and (28) Any ¢ > 1 Ultracritical
2 k=0 For any type of trajectory, Static metric
ny is negative (forces diverge) 3 k=0 Same results as in IV for stationary metric




Results for the finite force

TABLE VIII. Classification of cases when forces are finite for
different types of horizons and trajectories.

Type of horizon Type of trajectory Region of k
1  Nonextremal All types Absent
2 Extremal Subcritical Absent
Critical k>p/2ork=0
Ultracritical
3  Ultraextremal Subcritical k>%24+1or k=0
Critical
Ultracritical

Force remains finite only
for extremal and
ultraextremal horizons

For critical particles the
proper time diverges

We were able to prove that for any non-usual particle with the finite proper time either the

force is infinite, or the horizon is non regular.

Thus, for all the cases when the BSW effect is possible, proper time of reaching the
horizon diverges (kinematic censorship). Is there any way that allows bypassing this

issue?



Kinematic censorship

In any event only finite
energy can be released.

It can be unbounded but it
cannot be literally infinite.



Nonequatorial motion

From Harada and Kimura,
PRD 2011
Kerr metric
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Nonequatorial motion

The scenarios of high energy particle
collisions, found previously in the
context of the BSW effect for equatorial

motion, do not change qualitatively in the
nonequatorial case

Classification of different cases survives.



Extremal versus nonextremal . Near-fine-tuned particles

Problems with attaining extremality, a=0,998 (Thorne)

Jacobson et al, Berti at al: difficulties in realization

Grib and Pavlov: nonextremal Kerr

Extremal case: collision near horizon
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The ellective potential for A = 0.95 and (g &= 2.45, | =
2.5, lg =~ 2.76. Allowed zones for [ = 2.5 are shown by
the gray color.

Critical particle cannot penetrate forbidden region near horizon.
However, if there is a near-critical particle there from the very beginning,
there is BSW effect
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Near-fine-tuned particles

Original BSW: extremal BH horizon
Nonextremal BH: critical particle cannot reach
horizon Is BSW possible?

Yes! To this end, has to consider near-fine-
tuned particle

X =6+ X,v° +o(v?), s>0,
where s1s some small parameter

Thus we have two small parameters: and the
point of collision v,



Near-fine-tuned particles

Original BSW: extremal BH horizon
Nonextremal BH: critical particle cannot reach
horizon Is BSW possible?

Yes! To this end, has to consider near-fine-
tuned particle

X =6+ X,v° +o(v?), s>0,
where s1s some small parameter

Thus we have two small parameters: and the
point of collision v,



Near-fine-tuned particles

Thus we have two small parameters: § and the point of collision v,

The case 6<<v, effectively
corresponds to subcritical,
critical and ultracritical
particles

X + Xv® 4 o(v?),

The case 6>>v, effectively
corresponds to usual particles

The case 6 of order of v,
gives new results

X + X%+ o(v®),

Of the same order



Classification of particles

TABLE I. Table showing classification of different near-fine-
tuned particles.

Type of particle

Condition with nonzero ¢ < 1 Abbreviation
s < p/2 Near subcritical NSC
s=p/2 Near critical NC
s = p/2 and (24) Near ultracritical NUC
s> p/2 Near overcritical NOC

Thus, we have two small
parameters: § and the point
of collision v,

Near subcritical (NSC) - X tends to , but with the rate, smaller than N

Near critical (NC) - X tends to 6 with the same rate as N

Near ultracritical (NUC) - X tends to 6 with the same rate as N, but several first terms

in the expansion of P cancel

y _ . L2
Near overcritical (NOC) - X tends to 6 with P—.lX2— Nz( )

the rate, higher than N.

4=
Yo



Gamma-factor

TABLEII. Table showing behavior of y factor for v, ~ v, in a case when first particle is fine-tuned and second is

near-fine-tuned. Here d is defined by relation y ~ v;¢.
First particle Second particle BSW is possible
1 Uor SC NSC S| — $o| or |s; — ry| if 6, = X(qz)v" +B%y .
2 C or UC NSC g_sz Org_rz 1f52:—X£2) Z—‘I‘BS")'UC
3 U or SC NC, NUC, or NOC L—s
4 C or UC NC, NUC, or NOC 0

BSW is impossible

TABLEIIL.  Table showing behavior of y factor for v, ~ v, , in a case when both particles are near-fine-tuned. Here

d is defined by relation y ~ v;4.
First particle Second particle BSW is possible
| NSC NSC |51 — 55

ry—so| if 6, = X() "—|—B(1)
| | 2| 1
s, — ry] if 8 = —XPvs + BPwr
= ol if 612 = —X{P0 4 B0
| 1 2| 1,2 Ue Ve
2 NSC NC, NUC, or NOC L_s,

3 NC, NUC, or NOC NC, NUC, or NOC 0

BSW is impossible




Finiteness of force

TABLE IV. Classification of near-horizon trajectories for different k regions for g > 2 (ultraextremal horizon).
The fourth solution in (108) is not presented in this table.

k region n; range s Type of trajectory
Stationary metric
1 I For any type of trajectory n, is negative (forces diverge)
2 IT and 111 max (0,452 —1) < n; <k +45L—1 First and second in (108) NSC
nm=k+52-1 Second in (108) NC and NOC p—
n, =k +5{—;’1 — 1 and (24) Second in (108) NUC
3 1A% max (0,52 —1) < n, < l;_Z First in (108) NSC
n, = g First in (108) NC
ny = %2 and (24) First in (108) NUC
92 < py <k+ p | First and second in (108) NOC
Static metric
4 k=0 Same results as in IV for stationary metric NSC, NC, and NUC
n > 55_2 Third in (108) NOC

TABLE V. Classification of near-horizon trajectories for different k regions for ¢ = 2 (ultraextremal horizon). The fourth solution in
(108) is not presented in this table.

k region n; range s Type of trajectory

Stationary metric
For any type of trajectory n, is negative (forces diverge)

—_

2 v n, =0 Tirst i (108) NC
n; =0 and (24) First in (108) NUC
0<nm <k+%P-1 First and second in (108) NOC

TABLE VI. Classification of near-horizon trajectories for different k regions for g < 2 (ultraextremal horizon). The fourth solution in
(108) is not presented in this table.

k region n; range s Type of trajectory,

Stationary metric

—

2 v 0<n <k +”%E -1 First and second in (108) NOC

Static metric
3 k=0 0<n Third in (108) NOC

Non-regular horizon

0<k<¥+1, region I,

—+1<k<
2+_

p—f—l—qr/2S

p+1—g/2
2 2

q region 11,

k <=, region III,

SRS

2

k> p/2, regionIV.

Diverging force

Finite force

This part was absent for fine-
tuned particles!



Finiteness of force

TABLE VII. Classification of cases when forces are finite for
different types of horizons and trajectories.

Type of horizon Type of trajectory Region of k
I Nonextremal NOC IV or static
2 Extremal NC, NUC, pnd|NOC IV or static
3 Ultraextremal |NSC, NC, NUC,|and|NOC [I, III, IV, or static
— —
/ \
May achieve infinity Cannot achieve infinity

Also, for such particles the proper time is large, but finite!



Finiteness of force

Type of horizon

1-st particle’s type and range

2-nd particles’s type and range

Original BSW

Extremal NC, NUC, NOC  |v, < 0l |81 > vB/?|NC, NUC|v. > v} | 8 < o2/ |4
U
U c, UC
Ultraextremal |NSC, NC, NUC, NOC|v, < o{? |61 > v¥*| NSC  |ve > o] 62 <02 |2
U
U e
NSC, NC, NUC, NOC|v, > o6 < o8| NSC  |ve > o] 65 < v |3
SC
SC e
NSC ve < 01| 61 > vg |NC, NUC|v, > 01| 62 < o2/ |4
U
U c, UC
NSC ve > v})| 8 < v |NC, NUC|v, > v{)| 8, < o2/* |4
SC
e C, UC




Finiteness of force

Type of horizon

1-st particle’s type and range

2-nd particle’s type and range

Non-extremal NOC Ve & 'vtm 1 > Ug’{z NOC Vg ~ ’Ufz) 0y ~ Ugﬂ (89)
U

Extremal  |NC, NUC, NOC|v, < v{?|61 > o#/*|NC, NUC, NOC| v ~ v{7 | 85 ~ 02/*|(89)
U

Ultraextremal NSC ve < v} 61> g NSC v~ 0oy | Oy~ vl |(83)
U

NSC  |ve~ o) | 6y~ w2 NSC  |ve~ui]| 8 ~v2 |(91)

NSC  |oe> ol 6y < vs NSC v ~ 0] | 8y ~ 2 |(83)
sC

NSC ve € v} 81> v |NC, NUC, NOC| v, ~ v | 85 ~ /% | (89)
U

NSC ve ~ o | 8 ~E [NC, NUC, NOC| v, ~ v |8, ~ o/%{(92)

NSC ve~vl) | B ~vi | NC,NUC v, > vi?|8 < o2/ (85)

c, UC

NSC ve > v)| 81 < v |NC, NUC, NOC| v, ~ v | 85 ~ oE/*|(89)
sC

NC, NUC, NOC|v, < v |81 > v2/*|NC, NUC, NOC| v, ~ v | 6, ~ v2/*| (89)

U

Wide variety of various
cases!



Acceleration of particles by nonrotating charged black holes

O.Z. JETP Letters 2010
Role of rotation Ly = j—;{ Ifwy — 0, Ly — oo,

Angular momentum versus charge

Reissner-Nordstrom . _
Pure radial motion

not only wy = 0 but also Ly = Lo = 0 for both colliding particles

particles charged, nongeodesic motion 0



. [r* 5o
ds® = —dt* [ 4 L - rfde?

1 ()

mu’ =mi = —(FE ~ ),
A
oqC) . 5
m2r? = (£ f—ﬁ)]z m?f.
R
§ e o wQ . o
"Ec'-m — 1 4 ‘1]*12 A‘/IZL* ‘X,i = .EI.:' —, Zg = \bf}af f”“j.
2m? fm? /
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Schwarzschild BH and high energy collisions

No rotation, no charge. How can such collisions happen?
If two identical particles collide near horizon, the maximum of E_cm is
only

m+/5

But this is for collisions outside horizon. But full space-time diagrams includes
White hole region IV and mirror universe lll.







Collisions in wormholes

Two particles enter
senr diferent mouths and

I collide near throat

54/33



Wormholes and SPP

New scenario of collision: Krasnikov 2018

Wormholes, particles come from opposite mouths and collide near throat.
If N (lapse function) is small there, we have analogue of head-collision near
horizon, without difficulties related to black-white issue.

Another problem is that curvature becomes unbounded, so N should be

restricted from below (Sushkov and O.Z. 2009)

Eﬁmllexztplp +m +m2 Lil'
N g¢

Krasnikov scenario gives unbounded energy in CM frame
and works even for Schwarzchild-like wormholes.

Answeris YES!

) ¢
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Summary

Possible set of high energy scenarios
with finite force depending on type
of horizons and trajectories of
colliding particles

Validity of kinematic censorship



Thank you for your attention!
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