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Black Holes?

! Do Black Holes exist?

Springer Proceedings in Physics Volume 170, October 2015, Pages 33-42


There	are	No	Black	Holes—Pseudo-Complex	General	Relativity


Walter Greiner , Peter O. Hess, Mirko Schäfer, Thomas Schönenbach, Gunther Caspar


! What do Black Holes look like?

Physics Reports Volume 467, Issues 4–5, October 2008, Pages 117-171


The	fuzzball	proposal	for	black	holes


Kostas Skenderis, Marika Taylor


Journal of High Energy Physics, February 2013, 2013:62

Black	holes:	complementarity	or	firewalls?


Ahmed Almheiri, Donald Marolf, Joseph Polchinski

3

https://link.springer.com/bookseries/361
mailto:greiner@fias.uni-frankfurt.de
http://www.sciencedirect.com/science/journal/03701573
http://www.sciencedirect.com/science/journal/03701573/467/4
https://link.springer.com/journal/13130


         
Black Holes exist
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LIGO observes binary Black Hole mergers



         
Spaghettification
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In astrophysics, spaghettification is 
the vertical stretching and horizontal 
compression of objects into long thin 
shapes (rather like spaghetti) in a 
very strong non-homogeneous 
gravitational field; it is caused by 
extreme tidal forces. (Wikipedia)
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The fate of matter (1)
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Spaghettification is the work of strong tidal forces. 
The radial tidal force in the vicinity of a freely falling 
object of mass m is:

ΔF = mR
r3

Δr

If the tidal force exceeds the cohesive forces of the 
in-falling material, it will rupture. 

Eventually this applies to atoms when the tidal 
force exceeds the electrostatic force that binds 
electrons to the nucleus:

ΔF = mR
r3

a > α
a2

→ r < ra = a
mR
α

⎛
⎝⎜

⎞
⎠⎟
1/3

where m is the electron mass, a is the Bohr radius, and α the fine-structure constant. 
For a 10 solar mass black hole, R ≈ 30 km and thus ra ≈ 3×106 a ≈ 300 µm.

where R is the Schwarzschild radius.



         
The fate of matter (2)
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implying rh ≈ 3×106 Λ−1 ≈ 3 nm.

Beyond the rupture of hadrons in-falling matter becomes a quark-gluon plasma. The 
tidal forces heat the in-falling QGP until, finally, hydrodynamics fails and the QGP no 
longer behaves as a collective fluid.

The ultimate limit of classical space-time is reached when the space-time curvature 
R/r3 reaches the Planck scale. This happens when

Hadrons get disrupted when the tidal force over the size of a hadron overcomes the 
QCD string tension κ. For an order-of-magnitude estimate, we set m ≈ Λ,  Δr ≈ Λ−1, 
where Λ is the QCD scale parameter. This yields (for a 10 solar mass black hole):

ΔF = ΛR
r3

Λ−1 > Λ2 → r < rh = Λ−1 ΛR( )1/3

R
r3

> MP
2 → r < rc ≈ rP M /MP( )1/3

where MP is the Planck mass and rP the Planck length. For a 10 solar mass black 
hole, M/MP ≈ 1039, this limit is rc ≈ 1013 rP ≈ 10−22 m.



         
Questions

! How hot does the “spaghettified” matter get?

! Does it break into disconnected pieces as it hurtles down into the 

Black Hole or does it remain a fluid?

! Can we describe the collapse in a generic way using viscous 

hydrodynamics?

! Where does established physics fail upon the approach to the black-

hole singularity?

! How does it fail - by the action of new cold quantum physics at the 

Planck length scale, or by the action of new thermal physics at the 
Planck temperature scale?


! Work in collaboration with A. Schäfer (Regensburg).
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Viscous gravitational collapse

! C.W. Misner and D.H. Sharp, Phys. Rev. 136 (1964) B571

" Spherically symmetric collapse of an ideal fluid


! L. Herrera and N.O. Santos, Phys. Rev. D 70 (2004) 084004

" Spherically symmetric collapse of a causal fluid with bulk viscosity


! L. Herrera, A. Di Prisco, E. Fuenmayor, and O. Troconis,   
Int. J. Mod. Phys. D 18 (2009) 129

" Spherically symmetric collapse with bulk and shear viscosity


! R.J. Adler, J.D. Bjorken, P. Chen, and J.S. Liu, Am. J. Phys. 
73 (2005) 1148

" Simple analytic models of gravitational collapse
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Metric & matter
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ds2 = A(r,t)2dt 2 − B(r,t)2dr2 −C(r,t)2 r2 dθ 2 + sin2θdφ 2( )
Spherical symmetry

Gravitational shear strain

σ 1
1 = 2

3σ , σ 2
2 =σ 3

3 = − 1
3σ , σ = 1

A
d
dt
ln B
C

Viscous matter

T µν = ε + P( )uµuν − Pgµν +π µν , π µν =Ω χ µχν − 1
3 h

µν( )
π1
1 = 2

3
Ω π 2

2 = π 3
3 = − 1

3
Ω

Dynamical equation

τπ
dΩ
dt

= − 2ησ +Ω( )A, Navier-Stokes: Ω = −2ησ



         
Collapse model
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The general equations (even) for the spherically symmetric collapse are quite 
complicated and not analytically tractable.
Consider a simplified case: Collapse of a (not too) thin low-mass shell into an 
existing black hole. The background metric then is the Schwarzschild metric, 
and we can consider the fluid dynamical motion of the in-falling matter in the 
background metric. [This is similar to the expansion of a viscous fluid in the 
boost-invariant Bjorken model.]
We then have to solve the equation for the growth of the entropy density 
together with the dynamical equation for the shear stress:

Ts;µ
µ = T 1

−g
∂µ −gsµ( ) = π µνσ µν = − 2

3
Ωσ

τπ
dΩ
dt

= − 2ησ +Ω( )A



         
Reminder: Bjorken flow
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Let’s remind ourselves of the expansion of a viscous fluid in the boost-invariant 
Bjorken model in the Navier-Stokes approximation. The metric in coming 
coordinates is given by

ds2 = dτ 2 −τ 2dx2 − dy2 − dz2
and the dynamical equation for the entropy density sμ = (s,0,0,0) in the 
co-moving frame is:

T
τ
d
dτ

τ s( ) = − 2
3
Ω
τ
= 4
3
η
τ 2

The equation can be solved analytically if we assume that s = aT3 and η/s is 
a constant:

d
dτ

τ 1/3T( ) = 49
η
s
1

τ 5/3
→ T (τ ) = T0

τ 0
τ

⎛
⎝⎜

⎞
⎠⎟
1/3

+ 2
3
η
s
1
τ 0

− 1
τ 2/3τ 0

1/3

⎛
⎝⎜

⎞
⎠⎟



         
Spherical collapse
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Convenient to use Painlevé-Gullstrand PG) coordinates for the Schwarzschild 
geometry:

ds2 = 1−ψ 2( )dt 2 + 2ψ dtdr − dr2 − r2 dθ 2 + sin2θdφ 2( )
with                       
A particle freely falling in the geometry follows the trajectory 

ψ = − R / r .

r3/2 + 3
2

Rt = 3
2

Rt0 ≡ ρ 3/2

We can consider ρ as a co-moving radial coordinate and transform the SS metric 
from PG coordinates (r, t) to co-moving coordinates (ρ, t):

ds2 = dt 2 − ρ
r
dρ2 − r2 dθ 2 + sin2θdφ 2( )

where r is now a function of ρ and t.  The metric coefficients of the spherically 
symmetric geometry are thus

A = 1 B = ρ / r C = r / ρ



         
Shear dynamics
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Using the co-moving coordinates, the shear strain scalar experienced by a free 
falling fluid element in the Schwarzschild geometry is:

σ = 1
A
d
dt
ln B
C

= − d
dt
ln r

3/2

ρ 3/2
= 3 R
2r3/2

where we used the equation for the free-fall trajectory r(ρ,t).
The dynamical equation for the entropy density and the shear stress scalar 
then take the following form:

Ts;µ
µ = T

r3/2
d
dt

r3/2s( ) = − R
r3/2

Ω

Again assuming that s = aT3 the equation can be rewritten in the form

d
dt

r T( ) = − R
3r

Ω
s



         
N-S Limit (1)
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We can conveniently consider r as a coordinate monitoring the time evolution 
of the collapse, albeit one running “backwards”. Using the differential relation 
dt = − dr (r/R)1/2 and introducing the normalized shear stress variable ω = Ω/s, 
the entropy growth equation simplifies to

d
dr

r T( ) = ω
3 r

We can easily obtain an explicit solution in the Navier-Stokes limit, where 

ω = −2η
s
σ = −3η

s
R

r3/2

resulting in the temperature evolution (for constant η/s)

T (r) = T0
r0
r
+ η
s

R
r
1
r
− 1
r0

⎛
⎝⎜

⎞
⎠⎟



         
N-S Limit (2)
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The Navier-Stokes approximation fails when the viscous corrections to the 
pressure become comparable to the thermal pressure. Using the result just 
obtained, we can calculate the radial pressure including viscous corrections:

Pr ≡ T1
1 = 1
4
sth T − 8η

s
R

r3/2
⎛

⎝⎜
⎞

⎠⎟

We conclude that the N-S approximation is only valid for

r > rc = 8
η
s

R
r0
1
T0

In this region, the viscous correction to the temperature (and the entropy) 
of the collapsing fluid is, indeed, small.
We next consider the evolution of the shear stress in the causal (second-
order or Israel-Stewart) theory.



         
Causal shear (1)
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In the causal theory of dissipative flow the shear stress scalar satisfies the 
relaxation equation

τπ
dΩ
dt

= − 2ησ +Ω( )

In the small-r region, where the shear strain σ grows very fast, the shear stress 
Ω cannot instantaneously adjust and thus grows less rapidly. This implies that 
the second term on the r.h.s. of the relaxation equation can be neglected, and 
the shear stress is determined by the derivative term. Again using r to track 
the time evolution, the equation becomes:

τπ
dω
dr

+ω d
dr
ln s⎛

⎝⎜
⎞
⎠⎟ ≈

3
r
η
s

Kinetic theory suggests that  τπT = β(η/s); together with s = a T3 this gives

dω
dr

+ 3ω d
dr
lnT ≈ 3T

βr



         
Causal shear (2)
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The two equations

dω
dr

+ 3ω d
dr
lnT ≈ 3T

βr
d
dr

r T( ) = ω
3 r

can be solved by the ansatz T (r) = T0 r / r0( )−b , ω (r) =ω 0 r / r0( )−b

with b = 1
4
+ 1
16

+ 1
4β
, ω 0 = − 3

4bβ
T0.

The solution is valid when the dissipative pressure does not exceed the 
thermal pressure:

π1
1 = 2

3
ω s = 2b −1( )Ts < T1,th

1 = 1
4
Ts.

In the dilute Boltzmann limit, β ≈ 5, b ≈ 0.585, and the condition is marginally 
satisfied. For the strongly coupled N=4 SUSY gauge theory, β ≈ 2(2-ln2),       b 
≈ 0.648, and the condition is marginally violated.



         
Matching
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We can match the two limiting solutions by choosing a matching radius rm 
where the dissipative pressure anisotropy ξ = T11/T22  of both solutions agrees:

For illustration, we choose r0/R = 2, T0 = 20, β = 5: 
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Discussion

! When the dissipative radial pressure exceeds the thermal pressure 
and the total radial pressure becomes negative, the fluid ruptures in 
the radial direction into increasingly small drops, and the fluid model 
fails. 


! Causal viscous hydrodynamics in the dilute limit marginally avoids 
this, and can describe the collapse until quantum gravity becomes 
relevant.


! For a semi-realistic example, lets consider the following parameters:  
R = 30 km, r0/R = 2, β = 5, η/s = 1/4π, T0 = 10 MeV.                        
This yields: rm ≈ 10−14 m;  T(rm) ≈ 2×107 GeV;  T(rc) ≈ 1012 GeV.               


! Very hot, but still 7 orders of magnitude below the Planck temperature. 
Implies that the fluid dynamical model may remain valid all the way 
down to the region of quantum corrections to the geometry.

20

T (rc ) ≈ T0
r0
1
2rm

b− 12

rP
b MP /M( )b/3



         
Outlook

Plenty of opportunities for further work:

! The large pressure anisotropy found in the second-order viscous 

hydrodynamics solution suggests that anisotropic hydrodynamics, 
which treats the anisotropy at all orders, may be a more suitable 
approach.


! At strong coupling, it would be interesting to search for a holographic 
solution of homogeneous hydrodynamics for the boundary metric 


! Numerical solution of the full Einstein equations with the relaxation 
equation for the dissipative stress tensor, including back reaction of 
the metric to the collapsing matter.


! If viscous hydrodynamics is valid all the way to a quantum gravity 
“bounce” of the geometry, find a solution through the bounce.
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ds2 = dt 2 − ρ
r
dρ2 − r2 dθ 2 + sin2θdφ 2( ), r ρ,t( )2/3 = ρ2/3 − 3

2
Rt



         
Walter Greiner having fun!
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Xmas 1976

GSI 1978


