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Why High-Spin Black Holes?

• Astrophysical BHs only by their mass M and spin aM


• BH masses measured using gas dynamics [Ghez et al. 2008; Gravity Collaboration 2020], 
stellar orbits [Wash, Barth, Ho, Sarzi 2013], accretion disk imaging [EHT 2019, 2022]


• BH spin is harder to measure 


• use fact that observable features get  
exaggerated with increasing spin


• ~30 BH spins have been constrained 
[Reynold 2020]


• are there real world BH close to maximally  
spinning?
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Why High-Spin Black Holes?

• Mathematically, (near-)maximally rotating BHs are interesting


• as we spin up a BH, the near-horizon region gets stretched into a throat like geometry of logarithmically 
diverging proper depth


• throat is described be its own metric which is more symmetric than Kerr metric


• emission from matter in the throat can lead to high-spin BH critical phenomena which offer prospective ways for 
identify high-spin BH in the sky


• Outline:


• Geometry of high-spin BH


• Critical Phenomena


• Adiabatic growth of matter density spike around high-spin BH


• Observability of high-energy collisions near high-spin BH
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Geometry of High-Spin BH



• Kerr metric in coordinates  [Boyer-Lindquist]: 
  

 


• Characterized by two parameters: 
mass  and angular momentum 


• Asymptotically flat: 


• Horizons:  


• Kerr bound:  

(t, r, θ, ϕ)

ds2 = −
Δ
Σ

(dt−a sin2 θdϕ)2 +
Σ
Δ

dr2 + Σθ2dθ2 +
sin2 θ

Σ
[(r2 + a2)dϕ−adt]2

Δ(r) = r2 − 2Mr + a2, Σ(r, θ) = r2 + a2 cos2 θ

M J = aM

r → ∞

r± = M± M2 − a2

|a | ≤ M

Geometry of Spinning BH

Image Ref: scienceblogs.com/startswithabang/2014/10/09/there-are-no-free-quarks-synopsis
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Kerr & Near Horizon Near Extreme Kerr

• The Extremal Kerr metric can be 
found by taking  in the Kerr 
metric


• in Boyer-Lindquist coordinates:


• horizon   
(but so do other physical radii 
distinctly outside horizon)


• NOT we suited to described 
the near horizon region of a 
maximally spinning BH 
properly!

a → M

r+ → M

r = M
Horizon ?

Extreme Kerr  (Boyer-Linquist)
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Kerr & Near Horizon Near Extreme Kerr

• Deviation from extremality :  


• Coordinate transformation to   [Bardeen-Horowitz]  
 
 

 

• Apply near horizon near extremal scaling limit:  

• Result: Near Horizon Extreme Kerr (NHEK) metric 
 

  
 
which is not asymptotically flat, has as global isometry group 


• axisymmetry , stationarity ,  
NHEK dilation , special conformal symmetry 

κ a = M 1 − κ2

(T, R, Φ)

t =
2MT

κp
, r = M(1 + κpR), ϕ = Φ +

T
κp

0 < p ≤ 1, κ → 0

d ̂s2

2M2Γ
= −R2dT2 +

dR2

R2
+ dθ2 + Λ2(dΦ + RdT )2, Γ =

1 + cos2 θ
2

, Γ =
2 sin θ

1 + cos2 θ

SL(2,ℝ) × U(1)

∂Φ = W0 ∂T = H+
H0 H− Horizon

p = 1

p = 0

Extreme Kerr  (proper-length)
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Adiabatic Growth of Matter Density 
Spike around High-Spin BH



BH Growth in Cloud of Particles

r

ρ
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BH Growth in Cloud of Particles

ρ[Peebles 1972]
r
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BH Growth in Cloud of Particles

ρ
[Gondolo, Silk 1999; 

Sadeghian Ferrer, Will 2013;

Ferrer, da Rosa, Will 2017] r
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Matter Spike in Kerr
• DM Spike around Kerr BH generic spin [Ferrer, da Rosa, Will 2017]                        • matter current   

density 


• density spike is spin 
dependent


• peak gets taller and 
closer to BH with 
increasing spin


• density closes at 
prograde innermost 
bound circular orbit 
(IBCO)


• what happens as we 
spin up the BH to 
extremality?

J
ρ = J ⋅ J
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Matter Spike in Kerr
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• DM Spike around Kerr BH generic spin [Ferrer, da Rosa, Will 2017]                        



Density: Schwarzchild & Extreme Kerr (Prograde Orbits)

• BH spin: 


• horizon: open circle


• IBCO: dot 

a = 0, M
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a = 0 : rpeak ≈ 6.2M, ρpeak ≈
6.1 × 10−3

M

a = M : rpeak = M, ρpeak ≈
.61
M



Total Mass in Extreme Kerr

• Total mass of disk out to cutoff radius :  

 

 where  is the metric induced on fixed  and on  

• When , 


• mass will diverge unless density at  vanishes

rb ℳ = ∫equatorial plane
ρdA = ∫

rb

ribco

ρ γdrdϕ

γ =
r(r3 − a2(r + 2M))

(r − r+)(r − r−)
t = t0 θ = π/2

a = M r± = ribco = M

r = M
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p = 1

0 < p < 1

Near Extremal Density

p = 0
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• setting , taking  for 


• matter current (   and ) and density  are finite, nonzero in the near horizon region

r = M(1 + κpRp) κ = 1 − a2/M2 ≪ 1 0 ≤ p ≤ 1

JΦ JT ρ



Total Mass in Near-Extremal Limit

• Total mass interior to cutoff radius :  


• Choose intermediate NHEK radius  with  and split integral in EK and near-NHEK pieces 
 
            


•
  


• 


     


• Total mass is logarithmically divergent with deviation from extremality

rb ℳ = ∫equatorial plane
ρdA = ∫

rb

ribco

ρ γdrdϕ

rp = M(1 + κpRp) 0 < p < 1

ℳ = ℳ1 + ℳ0

ℳ1 = 2π∫
rq

ribco

ρ γdr = 4πM2 ∫
Rpκp−1

2

ρ(R0)

R2
1 − 1

dR1 + O(κ) ∼ 4πM2ρp log(Rpκp−1)

ℳ0 = 2π∫
rq

ribco

ρ γdr = 4πM2 ∫
rb
M −1

Rpκp

ρ(R0)
4

R2
0

+
8
R0

+ 7 + 4R2
0 + R2

0 dR0 + O(κ) ∼ 4πM2ρp log(Rpκp)

ℳ ∼ 4πM2ρp log(
1
κ

)
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Observability of High-Energy 
Collisions near High-Spin BH



Kerr Black Holes as Particle Accelerators
• In the high-spin limit, Kerr BHs admit near-horizon 

collisions of diverging CM energy if one of particle is tuned 
to the super radiant bound  
[Bañados, Silk, West 2009]


• BSW surmised such collisions would be:


• rare (need for fine tuning) 
—> ISCO orbiter is natural fine tuned and collisions 
with ISCO orbiter are divergent 
[Harada, Kimora 2011, 2014]


• hard to observe (large redshift to near-horizon region) 
—> emission from ISCO orbiter can be highly blue 
shifted and lots of emission from ISCO orbiter can 
reach celestial sphere 
[Gates, Hadar, Lupsasca 2021]
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Sky of Circular Orbiter

• We can define orbiter frame coordinate 
 where


• the  direction is oriented parallel to the BH 
spin axis


• and the  direction is oriented along the 
direction of travel 

• Define physical angles in the orbiter sky 


• Find redshift of escape photons is 

(t), (r), (θ), (ϕ)

(θ)

(ϕ)

Ψ, Υ

g(Ψ)

(θ)

(ϕ)
(r)

+ !

+"

+#

Ψ

Υ
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Universal Kinamatics of NHEK Orbiter Sky

• critical curve 


• ~54.65% of emission directions escape


• redshift factor of escape photons 


• photons can reach infinity with redshift 
between  to 


• ~31.70% of emission directions are blue 
shifted


• generic in-falling particle angle 

g

1 3

Υ = π/2,Ψ = 2π/3
15
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Photon Escape Probabilities

• Cross section for emission single photon of energy  
 

 

• Photon escape probability  
and blueshifted escape probability 
 

k

dσ
dkdΩ

(k, θ) =
dσ

dkdΩ
(k, Θ, Ψ)

𝖯e(k) = ( dσ
dk )

−1

∫Ae

dσ
dkdΩ

dΩ

𝖯b(k) = ( dσ
dk )

−1

∫Ab

dσ
dkdΩ

dΩ

dσ
dk

= ∫S2

dσ
dkdΩ

dΩ



Photon Escape Probabilities

• Cross section may have cutoff  


•  

•  

•  

•  

• We need only consider cross sections from 
which with emission can escape 

•

θmax

cos θmax ∈ ΣA, 𝖯𝖾 = 0

cos θmax ∈ ΣB, 𝖯𝖾 > 0 but 𝖯𝖻 = 0

cos θmax ∈ ΣC, 𝖯𝖾 > 𝖯𝖻 > 0 but g < 3

cos θmax ∈ ΣD, 𝖯𝖾 > 𝖯𝖻 > 0 and g ≤ 3

θ* > arccos(∠AOB)
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Example: Proton-Electron bremsstrahlung  
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• Consider collision of 


• electron orbiting at ISCO 


• and in-falling proton (of energy  in units of )


• emission of single photon (with energy  in units of )


• Restrict to , where  is the photon energy for which the cross section 
has a cutoff  


• For :


• , where  is the photon energy for which the cross 
section has a cutoff  


• For ,  and   

and emission see by observer at infinity is 

ϵ mp

k me

k < k* k*
θmax = θ*

ϵ ∈ [2,200]

2 ≲ k* ≲ 7.5 k*
θmax = θ*

k
k*

∈ [.01,.1] 𝖯𝖾 > 30 % 𝖯𝖻 > 15 %
≈ 104 − 105 eV



• High-spin BH has rich geometric structure in the near horizon region


• This structure can have affects on particle phenomena which occur in the 
near horizon region in the near-extremal limit


• Adiabatic growth of matter density spike


• finite, nonzero matter density in near-horizon region 
—> logarithmically divergent total mass in density spike


• Observability of high-energy collisions


• universal kinematics of near-horizon circular orbiters  
—> blueshifted emission from high-energy collisions seen on celestial 
sphere

Conclusions




