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Two particles falling towards horizon 

M. Banados, J. Silk and S. M. West, Kerr Black Holes as Particle Accelerators to Arbitrarily 

High Energy, Phys. Rev. Lett. 103, 111102 

For some special value of angular momentum, 

energy in the center-of-mass frame diverges 

near extremal horizon 
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What is crucial for generalization? 
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To understand whether it is a general property of black holes, let us consider generic 

axially symmetric spacetime 

4-velocity of the infalling particle in the 

equatorial plane is given by 

where 

Gamma-factor of relative motion of 2 

particles is given by 

It becomes divergent only if on the 

horizon X1=0 or X2=0 (such particles are 

called critical) 
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generalization? 
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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). 
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BSW effect holds for any axially symmetric spacetimes 

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

Types of horizon: nonextremal, extremal (double), ultraextremal (triple, etc.) 
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Setup for calculations 
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• We assume that the spacetime is axially symmetric 

• Moreover, particle is not in a free motion, thus its energy and angular momentum are 

not constant and are assumed to be generic functions of radial coordinate 

• As we are interested in the near-horizon collision, we assume that the metric functions 

have such an expansion 

Horizon is regular if 
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What we aim to find 
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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 

velocity is given by 

Now, X is not a constant and is 

defined by the external force 

As it is not a constant, we assume that 

near the horizon X behaves as 
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Near-horizon limit:  N → 0, A → 0 
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Types of particles 
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BSW effect and types of particles 
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By analysing the gamma-factor for various 

types of particles, we obtained such table 

of possible scenarios 

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

Thus, generally, BSW is possible if one particle is non-usual (while second is usual or subcritical) 
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Results for the finite force 
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Non-regular horizon 

Diverging force 
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Results for the finite force 
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Force remains finite only 

for extremal and 

ultraextremal horizons 

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? 
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However, there is a serious 

drawback: usually, for 

critical particles the 

proper time diverges 
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Kinematic censorship 
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In any event  only finite 

energy can be released. 

It can be unbounded but it 

cannot be literally infinite. 
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Nonequatorial motion 
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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 



General approach 
Near-fine-tuned particles 
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Thus we have two small parameters:    and the 

point of collision vc  

where    is some small  parameter  

Near-fine-tuned particles 
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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 
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Near-fine-tuned particles 

16 

The case δ<<vc effectively 

corresponds to subcritical, 

critical and ultracritical 

particles 

The case δ>>vc effectively 

corresponds to usual particles 

The case δ of order of vc 

gives new results 
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Of the same order 

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

parameters:    and the point 

of collision vc  

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

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

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

in the expansion of P cancel  

Near overcritical (NOC) - X tends to δ with 

the rate, higher than N.  
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Gamma-factor 
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BSW is possible 

BSW is possible 

BSW is impossible 

BSW is impossible 
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Finiteness of force 
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Non-regular horizon 

Diverging force 

Finite force 

This part was absent for fine-

tuned particles! 
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Finiteness of force 
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Also, for such particles the proper time is large, but finite! 

May achieve infinity Cannot achieve infinity 
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Finiteness of force 
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Original BSW 
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Finiteness of force 
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Wide variety of various 

cases! 
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Summary 
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Possible set of high energy scenarios  

with finite force depending on type 

of horizons and trajectories of 

colliding particles 

 

Validity of kinematic censorship 
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Thank you for your attention! 
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