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Kip Thorne’s memories…



It was a warm summer day in 1965. The world’s leading 
general relativity researchers had gathered  for the 4th 
International Conference on GR. The lecture room was 
filled to over flowing as Isaak Khalatnikov rose to speak. 
He and  Evgeny Lifshitz  in Moscow had proved (or so they 
thought) that when a real star  with random internal 
deformations implodes  it can not create a singularity at the 
center. 

The Khalatnikov-Lifshitz results the gravitational collapse 



Isaak Khalatnikov
Evgeny Lifshitz



Khalatnikov spoke dragging a microphone with him.  Using  
the standard equation-intensive methods known well to all 
the theoretical physicists  he demonstrated  that random 
perturbations must grow as a star implodes.   

-This means - he asserted - that if the implosion is to form a 
singularity, it must be one with completely random 
deformations in its spacetime curvature.    

The Khalatnikov-Lifshitz results the gravitational collapse 



He then described how he and  Lifshitz had searched, 
among all types of the singularities permitted by the laws of 
GR, for one with completely random deformations. He 
exhibited mathematically one type of singularity after 
another, he catalogued the types of singularity almost ad 
nauseam.  Among them non had completely random 
deformations.  

The Khalatnikov-Lifshitz results the gravitational collapse 



-Therefore - he concluded bringing his 40-minut lecture to a 
close - an imploding  star with random perturbations can 
not produce a singularity. The perturbations must save the 
star from destruction.  

The Khalatnikov-Lifshitz results the gravitational collapse 



Charles Misner

Misner’s objection 

As the applause ended, Charles Misner, one of Wheeler’s 
most brilliant former students, leaped up and objected 
strenuously.      



Misner’s objection 

Excitedly, and in rapid-fire English, Misner described the 
theorem that  Penrose had proved a few months earlier.  
If Penrose’s theorem was right then Khalatnikov  and  
Lifshitz were wrong.  



The Soviet delegation was confused and incensed. Misner’s 
English was too fast to follow, and Penrose’s theorem relied 
on topological arguments that were alien to relativity  
experts, the Soviets regarded it as suspect. By contrast the 
Khalatnikov-Lifshitz analysis was based on tried-and-true 
methods. Penrose - they asserted - was probably wrong.  

Who is Penrose??? 



Epilogue of this episode 4 years later: 
a one more type of singularity found 



4 years later, in September 1969, Kip Thorn was  
visiting Zel’dovich in Moscow. Lifshitz came to  
him with a manuscript that he, Khalatnikov and    
Vladimir Belinsky had written. They had found  
one more singularity permitted by the laws of  
General Relativity - Penrose was right.    

One more type of singularity found 



Vladimir Belinsky Yakov Zeldovich

Kip Thorne



  What was Penrose’s result?   



Outline of the history of the black hole theory  



Sir Isaac Newton 1687 Philosophiæ Naturalis Principia Mathematica
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Robinson-Trautman 1960     a new class of spacetimes, null geodesic flows
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Roy Kerr 1963                           rotating black hole 
Robinson-Trautman 1960     a new class of spacetimes, null geodesic flows

rLaplace =
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Roger Penrose, Brandon Carter, Steven Hawking, Werner Israel, David Robinson, 
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Can black holes exist in physical reality?  
Do black holes exists in the physical reality?  



Can black holes exist in physical reality?  

horizons



Do black holes exists in the physical reality?  



Is  black hole a likely final stage of the
 gravitational collapse of a compact object?  



Tµ⌫ = ⇢uµu⌫
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contracting closed Friedman universe  
filled with isotropic homogenous dust 

Tµ⌫ = 0
<latexit sha1_base64="P5Im1odw//DY2c05qwjrKYP8X3Y=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EohuXFfqCzlAyadqGZjJDHkIZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57wkRwbRD68HJr6xubW/ntws7u3v5B8fCoo2OrKGvTWMSqFxLNBJesbbgRrJcoRqJQsG44vcn87j1TmseyZWYJCyIylnzEKTFO8luD1I+sL+38Cg2KJVRGCGGMYUZw9RI5Uq/XKrgGcWY5lMAKzUHx3R/G1EZMGiqI1n2MEhOkRBlOBZsXfKtZQuiUjFnfUUkipoN0cfMcnjllCEexciUNXKjfJ1ISaT2LQtcZETPRv71M/MvrWzOqBSmXiTVM0uWikRXQxDALAA65YtSImSOEKu5uhXRCFKHGxVRwIXx9Cv8nnUoZozK+uyg1rldx5MEJOAXnAIMqaIBb0ARtQEECHsATePas9+i9eK/L1py3mjkGP+C9fQIgPJG9</latexit><latexit sha1_base64="P5Im1odw//DY2c05qwjrKYP8X3Y=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EohuXFfqCzlAyadqGZjJDHkIZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57wkRwbRD68HJr6xubW/ntws7u3v5B8fCoo2OrKGvTWMSqFxLNBJesbbgRrJcoRqJQsG44vcn87j1TmseyZWYJCyIylnzEKTFO8luD1I+sL+38Cg2KJVRGCGGMYUZw9RI5Uq/XKrgGcWY5lMAKzUHx3R/G1EZMGiqI1n2MEhOkRBlOBZsXfKtZQuiUjFnfUUkipoN0cfMcnjllCEexciUNXKjfJ1ISaT2LQtcZETPRv71M/MvrWzOqBSmXiTVM0uWikRXQxDALAA65YtSImSOEKu5uhXRCFKHGxVRwIXx9Cv8nnUoZozK+uyg1rldx5MEJOAXnAIMqaIBb0ARtQEECHsATePas9+i9eK/L1py3mjkGP+C9fQIgPJG9</latexit><latexit sha1_base64="P5Im1odw//DY2c05qwjrKYP8X3Y=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EohuXFfqCzlAyadqGZjJDHkIZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57wkRwbRD68HJr6xubW/ntws7u3v5B8fCoo2OrKGvTWMSqFxLNBJesbbgRrJcoRqJQsG44vcn87j1TmseyZWYJCyIylnzEKTFO8luD1I+sL+38Cg2KJVRGCGGMYUZw9RI5Uq/XKrgGcWY5lMAKzUHx3R/G1EZMGiqI1n2MEhOkRBlOBZsXfKtZQuiUjFnfUUkipoN0cfMcnjllCEexciUNXKjfJ1ISaT2LQtcZETPRv71M/MvrWzOqBSmXiTVM0uWikRXQxDALAA65YtSImSOEKu5uhXRCFKHGxVRwIXx9Cv8nnUoZozK+uyg1rldx5MEJOAXnAIMqaIBb0ARtQEECHsATePas9+i9eK/L1py3mjkGP+C9fQIgPJG9</latexit><latexit sha1_base64="P5Im1odw//DY2c05qwjrKYP8X3Y=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EohuXFfqCzlAyadqGZjJDHkIZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57wkRwbRD68HJr6xubW/ntws7u3v5B8fCoo2OrKGvTWMSqFxLNBJesbbgRrJcoRqJQsG44vcn87j1TmseyZWYJCyIylnzEKTFO8luD1I+sL+38Cg2KJVRGCGGMYUZw9RI5Uq/XKrgGcWY5lMAKzUHx3R/G1EZMGiqI1n2MEhOkRBlOBZsXfKtZQuiUjFnfUUkipoN0cfMcnjllCEexciUNXKjfJ1ISaT2LQtcZETPRv71M/MvrWzOqBSmXiTVM0uWikRXQxDALAA65YtSImSOEKu5uhXRCFKHGxVRwIXx9Cv8nnUoZozK+uyg1rldx5MEJOAXnAIMqaIBb0ARtQEECHsATePas9+i9eK/L1py3mjkGP+C9fQIgPJG9</latexit>

The Oppenheimer - Snyder model

A model of the implosion of a 
spherical star consisting of 
isotropic dust necessarily ending 
in singularity.

empty space 

static gravitational field 



Tµ⌫ = ⇢uµu⌫
<latexit sha1_base64="Y0iSiU4nyh+fwDhiB0+/RxcxNy4=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIoBuh6MZlhb6gMwyZNG1Dk8yQh1CGLtz4K25cKOLWj3Dn35hpZ6GtBxJOzrmXm3vilFGlPe/bKa2tb2xulbcrO7t7+wfu4VFHJUZi0sYJS2QvRoowKkhbU81IL5UE8ZiRbjy5zf3uA5GKJqKlpykJORoJOqQYaStFbrUVZQE3gTCz60COE2gi+8xvYSK35tW9OeAq8QtSAwWakfsVDBJsOBEaM6RU3/dSHWZIaooZmVUCo0iK8ASNSN9SgThRYTZfYgZPrTKAw0TaIzScq787MsSVmvLYVnKkx2rZy8X/vL7Rw6swoyI1mgi8GDQ0DOoE5onAAZUEaza1BGFJ7V8hHiOJsLa5VWwI/vLKq6RzXve9un9/UWvcFHGUQRWcgDPgg0vQAHegCdoAg0fwDF7Bm/PkvDjvzseitOQUPcfgD5zPH8WUmCg=</latexit><latexit sha1_base64="Y0iSiU4nyh+fwDhiB0+/RxcxNy4=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIoBuh6MZlhb6gMwyZNG1Dk8yQh1CGLtz4K25cKOLWj3Dn35hpZ6GtBxJOzrmXm3vilFGlPe/bKa2tb2xulbcrO7t7+wfu4VFHJUZi0sYJS2QvRoowKkhbU81IL5UE8ZiRbjy5zf3uA5GKJqKlpykJORoJOqQYaStFbrUVZQE3gTCz60COE2gi+8xvYSK35tW9OeAq8QtSAwWakfsVDBJsOBEaM6RU3/dSHWZIaooZmVUCo0iK8ASNSN9SgThRYTZfYgZPrTKAw0TaIzScq787MsSVmvLYVnKkx2rZy8X/vL7Rw6swoyI1mgi8GDQ0DOoE5onAAZUEaza1BGFJ7V8hHiOJsLa5VWwI/vLKq6RzXve9un9/UWvcFHGUQRWcgDPgg0vQAHegCdoAg0fwDF7Bm/PkvDjvzseitOQUPcfgD5zPH8WUmCg=</latexit><latexit sha1_base64="Y0iSiU4nyh+fwDhiB0+/RxcxNy4=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIoBuh6MZlhb6gMwyZNG1Dk8yQh1CGLtz4K25cKOLWj3Dn35hpZ6GtBxJOzrmXm3vilFGlPe/bKa2tb2xulbcrO7t7+wfu4VFHJUZi0sYJS2QvRoowKkhbU81IL5UE8ZiRbjy5zf3uA5GKJqKlpykJORoJOqQYaStFbrUVZQE3gTCz60COE2gi+8xvYSK35tW9OeAq8QtSAwWakfsVDBJsOBEaM6RU3/dSHWZIaooZmVUCo0iK8ASNSN9SgThRYTZfYgZPrTKAw0TaIzScq787MsSVmvLYVnKkx2rZy8X/vL7Rw6swoyI1mgi8GDQ0DOoE5onAAZUEaza1BGFJ7V8hHiOJsLa5VWwI/vLKq6RzXve9un9/UWvcFHGUQRWcgDPgg0vQAHegCdoAg0fwDF7Bm/PkvDjvzseitOQUPcfgD5zPH8WUmCg=</latexit><latexit sha1_base64="Y0iSiU4nyh+fwDhiB0+/RxcxNy4=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIoBuh6MZlhb6gMwyZNG1Dk8yQh1CGLtz4K25cKOLWj3Dn35hpZ6GtBxJOzrmXm3vilFGlPe/bKa2tb2xulbcrO7t7+wfu4VFHJUZi0sYJS2QvRoowKkhbU81IL5UE8ZiRbjy5zf3uA5GKJqKlpykJORoJOqQYaStFbrUVZQE3gTCz60COE2gi+8xvYSK35tW9OeAq8QtSAwWakfsVDBJsOBEaM6RU3/dSHWZIaooZmVUCo0iK8ASNSN9SgThRYTZfYgZPrTKAw0TaIzScq787MsSVmvLYVnKkx2rZy8X/vL7Rw6swoyI1mgi8GDQ0DOoE5onAAZUEaza1BGFJ7V8hHiOJsLa5VWwI/vLKq6RzXve9un9/UWvcFHGUQRWcgDPgg0vQAHegCdoAg0fwDF7Bm/PkvDjvzseitOQUPcfgD5zPH8WUmCg=</latexit>

contracting closed Friedman universe  
filled with isotropic homogenous dust 

Tµ⌫ = 0
<latexit sha1_base64="P5Im1odw//DY2c05qwjrKYP8X3Y=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EohuXFfqCzlAyadqGZjJDHkIZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57wkRwbRD68HJr6xubW/ntws7u3v5B8fCoo2OrKGvTWMSqFxLNBJesbbgRrJcoRqJQsG44vcn87j1TmseyZWYJCyIylnzEKTFO8luD1I+sL+38Cg2KJVRGCGGMYUZw9RI5Uq/XKrgGcWY5lMAKzUHx3R/G1EZMGiqI1n2MEhOkRBlOBZsXfKtZQuiUjFnfUUkipoN0cfMcnjllCEexciUNXKjfJ1ISaT2LQtcZETPRv71M/MvrWzOqBSmXiTVM0uWikRXQxDALAA65YtSImSOEKu5uhXRCFKHGxVRwIXx9Cv8nnUoZozK+uyg1rldx5MEJOAXnAIMqaIBb0ARtQEECHsATePas9+i9eK/L1py3mjkGP+C9fQIgPJG9</latexit><latexit sha1_base64="P5Im1odw//DY2c05qwjrKYP8X3Y=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EohuXFfqCzlAyadqGZjJDHkIZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57wkRwbRD68HJr6xubW/ntws7u3v5B8fCoo2OrKGvTWMSqFxLNBJesbbgRrJcoRqJQsG44vcn87j1TmseyZWYJCyIylnzEKTFO8luD1I+sL+38Cg2KJVRGCGGMYUZw9RI5Uq/XKrgGcWY5lMAKzUHx3R/G1EZMGiqI1n2MEhOkRBlOBZsXfKtZQuiUjFnfUUkipoN0cfMcnjllCEexciUNXKjfJ1ISaT2LQtcZETPRv71M/MvrWzOqBSmXiTVM0uWikRXQxDALAA65YtSImSOEKu5uhXRCFKHGxVRwIXx9Cv8nnUoZozK+uyg1rldx5MEJOAXnAIMqaIBb0ARtQEECHsATePas9+i9eK/L1py3mjkGP+C9fQIgPJG9</latexit><latexit sha1_base64="P5Im1odw//DY2c05qwjrKYP8X3Y=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EohuXFfqCzlAyadqGZjJDHkIZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57wkRwbRD68HJr6xubW/ntws7u3v5B8fCoo2OrKGvTWMSqFxLNBJesbbgRrJcoRqJQsG44vcn87j1TmseyZWYJCyIylnzEKTFO8luD1I+sL+38Cg2KJVRGCGGMYUZw9RI5Uq/XKrgGcWY5lMAKzUHx3R/G1EZMGiqI1n2MEhOkRBlOBZsXfKtZQuiUjFnfUUkipoN0cfMcnjllCEexciUNXKjfJ1ISaT2LQtcZETPRv71M/MvrWzOqBSmXiTVM0uWikRXQxDALAA65YtSImSOEKu5uhXRCFKHGxVRwIXx9Cv8nnUoZozK+uyg1rldx5MEJOAXnAIMqaIBb0ARtQEECHsATePas9+i9eK/L1py3mjkGP+C9fQIgPJG9</latexit><latexit sha1_base64="P5Im1odw//DY2c05qwjrKYP8X3Y=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EohuXFfqCzlAyadqGZjJDHkIZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57wkRwbRD68HJr6xubW/ntws7u3v5B8fCoo2OrKGvTWMSqFxLNBJesbbgRrJcoRqJQsG44vcn87j1TmseyZWYJCyIylnzEKTFO8luD1I+sL+38Cg2KJVRGCGGMYUZw9RI5Uq/XKrgGcWY5lMAKzUHx3R/G1EZMGiqI1n2MEhOkRBlOBZsXfKtZQuiUjFnfUUkipoN0cfMcnjllCEexciUNXKjfJ1ISaT2LQtcZETPRv71M/MvrWzOqBSmXiTVM0uWikRXQxDALAA65YtSImSOEKu5uhXRCFKHGxVRwIXx9Cv8nnUoZozK+uyg1rldx5MEJOAXnAIMqaIBb0ARtQEECHsATePas9+i9eK/L1py3mjkGP+C9fQIgPJG9</latexit>

Spherically symmetrical  
Schwarzschild spacetime

The Oppenheimer - Snyder model

A model of the implosion of a 
spherical star consisting of 
isotropic dust necessarily ending 
in singularity.

empty space 

static gravitational field 



Tµ⌫ = ⇢uµu⌫
<latexit sha1_base64="Y0iSiU4nyh+fwDhiB0+/RxcxNy4=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIoBuh6MZlhb6gMwyZNG1Dk8yQh1CGLtz4K25cKOLWj3Dn35hpZ6GtBxJOzrmXm3vilFGlPe/bKa2tb2xulbcrO7t7+wfu4VFHJUZi0sYJS2QvRoowKkhbU81IL5UE8ZiRbjy5zf3uA5GKJqKlpykJORoJOqQYaStFbrUVZQE3gTCz60COE2gi+8xvYSK35tW9OeAq8QtSAwWakfsVDBJsOBEaM6RU3/dSHWZIaooZmVUCo0iK8ASNSN9SgThRYTZfYgZPrTKAw0TaIzScq787MsSVmvLYVnKkx2rZy8X/vL7Rw6swoyI1mgi8GDQ0DOoE5onAAZUEaza1BGFJ7V8hHiOJsLa5VWwI/vLKq6RzXve9un9/UWvcFHGUQRWcgDPgg0vQAHegCdoAg0fwDF7Bm/PkvDjvzseitOQUPcfgD5zPH8WUmCg=</latexit><latexit sha1_base64="Y0iSiU4nyh+fwDhiB0+/RxcxNy4=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIoBuh6MZlhb6gMwyZNG1Dk8yQh1CGLtz4K25cKOLWj3Dn35hpZ6GtBxJOzrmXm3vilFGlPe/bKa2tb2xulbcrO7t7+wfu4VFHJUZi0sYJS2QvRoowKkhbU81IL5UE8ZiRbjy5zf3uA5GKJqKlpykJORoJOqQYaStFbrUVZQE3gTCz60COE2gi+8xvYSK35tW9OeAq8QtSAwWakfsVDBJsOBEaM6RU3/dSHWZIaooZmVUCo0iK8ASNSN9SgThRYTZfYgZPrTKAw0TaIzScq787MsSVmvLYVnKkx2rZy8X/vL7Rw6swoyI1mgi8GDQ0DOoE5onAAZUEaza1BGFJ7V8hHiOJsLa5VWwI/vLKq6RzXve9un9/UWvcFHGUQRWcgDPgg0vQAHegCdoAg0fwDF7Bm/PkvDjvzseitOQUPcfgD5zPH8WUmCg=</latexit><latexit sha1_base64="Y0iSiU4nyh+fwDhiB0+/RxcxNy4=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIoBuh6MZlhb6gMwyZNG1Dk8yQh1CGLtz4K25cKOLWj3Dn35hpZ6GtBxJOzrmXm3vilFGlPe/bKa2tb2xulbcrO7t7+wfu4VFHJUZi0sYJS2QvRoowKkhbU81IL5UE8ZiRbjy5zf3uA5GKJqKlpykJORoJOqQYaStFbrUVZQE3gTCz60COE2gi+8xvYSK35tW9OeAq8QtSAwWakfsVDBJsOBEaM6RU3/dSHWZIaooZmVUCo0iK8ASNSN9SgThRYTZfYgZPrTKAw0TaIzScq787MsSVmvLYVnKkx2rZy8X/vL7Rw6swoyI1mgi8GDQ0DOoE5onAAZUEaza1BGFJ7V8hHiOJsLa5VWwI/vLKq6RzXve9un9/UWvcFHGUQRWcgDPgg0vQAHegCdoAg0fwDF7Bm/PkvDjvzseitOQUPcfgD5zPH8WUmCg=</latexit><latexit sha1_base64="Y0iSiU4nyh+fwDhiB0+/RxcxNy4=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIoBuh6MZlhb6gMwyZNG1Dk8yQh1CGLtz4K25cKOLWj3Dn35hpZ6GtBxJOzrmXm3vilFGlPe/bKa2tb2xulbcrO7t7+wfu4VFHJUZi0sYJS2QvRoowKkhbU81IL5UE8ZiRbjy5zf3uA5GKJqKlpykJORoJOqQYaStFbrUVZQE3gTCz60COE2gi+8xvYSK35tW9OeAq8QtSAwWakfsVDBJsOBEaM6RU3/dSHWZIaooZmVUCo0iK8ASNSN9SgThRYTZfYgZPrTKAw0TaIzScq787MsSVmvLYVnKkx2rZy8X/vL7Rw6swoyI1mgi8GDQ0DOoE5onAAZUEaza1BGFJ7V8hHiOJsLa5VWwI/vLKq6RzXve9un9/UWvcFHGUQRWcgDPgg0vQAHegCdoAg0fwDF7Bm/PkvDjvzseitOQUPcfgD5zPH8WUmCg=</latexit>

contracting closed Friedman universe  
filled with isotropic homogenous dust 

Tµ⌫ = 0
<latexit sha1_base64="P5Im1odw//DY2c05qwjrKYP8X3Y=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EohuXFfqCzlAyadqGZjJDHkIZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57wkRwbRD68HJr6xubW/ntws7u3v5B8fCoo2OrKGvTWMSqFxLNBJesbbgRrJcoRqJQsG44vcn87j1TmseyZWYJCyIylnzEKTFO8luD1I+sL+38Cg2KJVRGCGGMYUZw9RI5Uq/XKrgGcWY5lMAKzUHx3R/G1EZMGiqI1n2MEhOkRBlOBZsXfKtZQuiUjFnfUUkipoN0cfMcnjllCEexciUNXKjfJ1ISaT2LQtcZETPRv71M/MvrWzOqBSmXiTVM0uWikRXQxDALAA65YtSImSOEKu5uhXRCFKHGxVRwIXx9Cv8nnUoZozK+uyg1rldx5MEJOAXnAIMqaIBb0ARtQEECHsATePas9+i9eK/L1py3mjkGP+C9fQIgPJG9</latexit><latexit sha1_base64="P5Im1odw//DY2c05qwjrKYP8X3Y=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EohuXFfqCzlAyadqGZjJDHkIZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57wkRwbRD68HJr6xubW/ntws7u3v5B8fCoo2OrKGvTWMSqFxLNBJesbbgRrJcoRqJQsG44vcn87j1TmseyZWYJCyIylnzEKTFO8luD1I+sL+38Cg2KJVRGCGGMYUZw9RI5Uq/XKrgGcWY5lMAKzUHx3R/G1EZMGiqI1n2MEhOkRBlOBZsXfKtZQuiUjFnfUUkipoN0cfMcnjllCEexciUNXKjfJ1ISaT2LQtcZETPRv71M/MvrWzOqBSmXiTVM0uWikRXQxDALAA65YtSImSOEKu5uhXRCFKHGxVRwIXx9Cv8nnUoZozK+uyg1rldx5MEJOAXnAIMqaIBb0ARtQEECHsATePas9+i9eK/L1py3mjkGP+C9fQIgPJG9</latexit><latexit sha1_base64="P5Im1odw//DY2c05qwjrKYP8X3Y=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EohuXFfqCzlAyadqGZjJDHkIZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57wkRwbRD68HJr6xubW/ntws7u3v5B8fCoo2OrKGvTWMSqFxLNBJesbbgRrJcoRqJQsG44vcn87j1TmseyZWYJCyIylnzEKTFO8luD1I+sL+38Cg2KJVRGCGGMYUZw9RI5Uq/XKrgGcWY5lMAKzUHx3R/G1EZMGiqI1n2MEhOkRBlOBZsXfKtZQuiUjFnfUUkipoN0cfMcnjllCEexciUNXKjfJ1ISaT2LQtcZETPRv71M/MvrWzOqBSmXiTVM0uWikRXQxDALAA65YtSImSOEKu5uhXRCFKHGxVRwIXx9Cv8nnUoZozK+uyg1rldx5MEJOAXnAIMqaIBb0ARtQEECHsATePas9+i9eK/L1py3mjkGP+C9fQIgPJG9</latexit><latexit sha1_base64="P5Im1odw//DY2c05qwjrKYP8X3Y=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EohuXFfqCzlAyadqGZjJDHkIZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57wkRwbRD68HJr6xubW/ntws7u3v5B8fCoo2OrKGvTWMSqFxLNBJesbbgRrJcoRqJQsG44vcn87j1TmseyZWYJCyIylnzEKTFO8luD1I+sL+38Cg2KJVRGCGGMYUZw9RI5Uq/XKrgGcWY5lMAKzUHx3R/G1EZMGiqI1n2MEhOkRBlOBZsXfKtZQuiUjFnfUUkipoN0cfMcnjllCEexciUNXKjfJ1ISaT2LQtcZETPRv71M/MvrWzOqBSmXiTVM0uWikRXQxDALAA65YtSImSOEKu5uhXRCFKHGxVRwIXx9Cv8nnUoZozK+uyg1rldx5MEJOAXnAIMqaIBb0ARtQEECHsATePas9+i9eK/L1py3mjkGP+C9fQIgPJG9</latexit>

Spherically symmetrical  
Schwarzschild spacetime

horizon

The Oppenheimer - Snyder model

A model of the implosion of a 
spherical star consisting of 
isotropic dust necessarily ending 
in singularity.

empty space 

static gravitational field 

horizon

none static 



Tµ⌫ = ⇢uµu⌫
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contracting closed Friedman universe  
filled with isotropic homogenous dust 

Tµ⌫ = 0
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Schwarzschild spacetime
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singularity

The Oppenheimer - Snyder model

A model of the implosion of a 
spherical star consisting of 
isotropic dust necessarily ending 
in singularity.

empty space 

static gravitational field 

horizon



Tµ⌫ = ⇢uµu⌫
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Spherically symmetrical  
Schwarzschild spacetime

horizon

singularity

The Oppenheimer - Snyder model

A model of the implosion of a 
spherical star consisting of 
isotropic dust necessarily ending 
in singularity and black hole.

empty space 

static gravitational field 

static gravitational field horizon



Do random perturbations of spacetime prevent 
singularity from forming? 

Oppenheimer-Snyder model was generalised to   
non-isotropic dust. However, still homogenous. 



Do random perturbations of spacetime prevent 
singularity from forming? 

  

Oppenheimer-Snyder model was generalised to   
non-isotropic dust. However, still homogenous. 

Raychaudhuri and Komar  showed  inevitability of a 
singularity in the collapse of an irrotational and geodesic 
fluid provided its expansion is definite (either positive or 
negative). But what about a rotating perturbation?  



Models of converting a star’s 
implosion into explosion: 
if the imploding star is slightly 
deformed, its atoms implode  
in slightly different points, swing 
around each other, and fly  
back out 

Do random perturbations of spacetime prevent 
singularity from forming? 



Models of converting a star’s 
implosion into explosion: 
if the imploding star is slightly 
deformed, its atoms implode  
in slightly different points, swing 
around each other, and fly  
back out 

The Khalatnikov-Lifshitz  
analysis of spacetime  
singularities allowed by  
Einstein’s equations - random deformations prevented …

Do random perturbations of spacetime prevent 
singularity from forming? 



Trautman 1958,  
Robinson-Trautman 1960,  

Bondi-Sachs 1960’s

The relevance of null geodesics, null vector fields in 
spacetime for Lorentzian geometry was pointed out. 

Geometry and dynamics of null geodesic flows in 
spacetime,  generalisation of the Raychaudhuri equation.

New geometric technics  



Penrose’s revolution  



Sir Roger Penrose in 1980.





Can the future have a compact, closed boundary? 
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Can the future have a compact, closed boundary? 
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space
a 2-surface

trapped

Trapped surface’s in the Oppenheimer - Snyder spacetime

singularity

Penrose’s idea:  
The existence of  trapped surfaces is stable with respect to deformations   
breaking the spherical symmetry.     

ho
riz

on

time
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Trapped surface’s in non-singular  spacetime?
time
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Trapped surface’s in non-singular  spacetime?
time



space
a 2-surface

trapped

Trapped surface’s in non-singular  spacetime?

the 3d surface generated by the light rays 

time

the boundary of the future of the 2-surface 



space
a 2-surface

trapped

Trapped surface’s in non-singular  spacetime?

 no-singularity

time

the surface is achronal, compact and closed   
 Einstein’s equations
 energy positivity

Tµ⌫k
µk⌫ � 0,

<latexit sha1_base64="9Tzlk9xVFDoeSrU69HmocR0RhdA=">AAACBnicbZDLSgMxFIYzXmu9jboUIVgEF1JmRNBl0Y3LCr1BZxwyaaYNTTJDLkIZunLjq7hxoYhbn8Gdb2PazkJbDyR8/P85JOePM0aV9rxvZ2l5ZXVtvbRR3tza3tl19/ZbKjUSkyZOWSo7MVKEUUGammpGOpkkiMeMtOPhzcRvPxCpaCoaepSRkKO+oAnFSFspco8aUR5wEwgzHt5bgPYWBgZ9Ar0zGLkVr+pNCy6CX0AFFFWP3K+gl2LDidCYIaW6vpfpMEdSU8zIuBwYRTKEh6hPuhYF4kSF+XSNMTyxSg8mqbRHaDhVf0/kiCs14rHt5EgP1Lw3Ef/zukYnV2FORWY0EXj2UGIY1CmcZAJ7VBKs2cgCwpLav0I8QBJhbZMr2xD8+ZUXoXVe9b2qf3dRqV0XcZTAITgGp8AHl6AGbkEdNAEGj+AZvII358l5cd6dj1nrklPMHIA/5Xz+ANajmAg=</latexit><latexit sha1_base64="9Tzlk9xVFDoeSrU69HmocR0RhdA=">AAACBnicbZDLSgMxFIYzXmu9jboUIVgEF1JmRNBl0Y3LCr1BZxwyaaYNTTJDLkIZunLjq7hxoYhbn8Gdb2PazkJbDyR8/P85JOePM0aV9rxvZ2l5ZXVtvbRR3tza3tl19/ZbKjUSkyZOWSo7MVKEUUGammpGOpkkiMeMtOPhzcRvPxCpaCoaepSRkKO+oAnFSFspco8aUR5wEwgzHt5bgPYWBgZ9Ar0zGLkVr+pNCy6CX0AFFFWP3K+gl2LDidCYIaW6vpfpMEdSU8zIuBwYRTKEh6hPuhYF4kSF+XSNMTyxSg8mqbRHaDhVf0/kiCs14rHt5EgP1Lw3Ef/zukYnV2FORWY0EXj2UGIY1CmcZAJ7VBKs2cgCwpLav0I8QBJhbZMr2xD8+ZUXoXVe9b2qf3dRqV0XcZTAITgGp8AHl6AGbkEdNAEGj+AZvII358l5cd6dj1nrklPMHIA/5Xz+ANajmAg=</latexit><latexit sha1_base64="9Tzlk9xVFDoeSrU69HmocR0RhdA=">AAACBnicbZDLSgMxFIYzXmu9jboUIVgEF1JmRNBl0Y3LCr1BZxwyaaYNTTJDLkIZunLjq7hxoYhbn8Gdb2PazkJbDyR8/P85JOePM0aV9rxvZ2l5ZXVtvbRR3tza3tl19/ZbKjUSkyZOWSo7MVKEUUGammpGOpkkiMeMtOPhzcRvPxCpaCoaepSRkKO+oAnFSFspco8aUR5wEwgzHt5bgPYWBgZ9Ar0zGLkVr+pNCy6CX0AFFFWP3K+gl2LDidCYIaW6vpfpMEdSU8zIuBwYRTKEh6hPuhYF4kSF+XSNMTyxSg8mqbRHaDhVf0/kiCs14rHt5EgP1Lw3Ef/zukYnV2FORWY0EXj2UGIY1CmcZAJ7VBKs2cgCwpLav0I8QBJhbZMr2xD8+ZUXoXVe9b2qf3dRqV0XcZTAITgGp8AHl6AGbkEdNAEGj+AZvII358l5cd6dj1nrklPMHIA/5Xz+ANajmAg=</latexit><latexit sha1_base64="9Tzlk9xVFDoeSrU69HmocR0RhdA=">AAACBnicbZDLSgMxFIYzXmu9jboUIVgEF1JmRNBl0Y3LCr1BZxwyaaYNTTJDLkIZunLjq7hxoYhbn8Gdb2PazkJbDyR8/P85JOePM0aV9rxvZ2l5ZXVtvbRR3tza3tl19/ZbKjUSkyZOWSo7MVKEUUGammpGOpkkiMeMtOPhzcRvPxCpaCoaepSRkKO+oAnFSFspco8aUR5wEwgzHt5bgPYWBgZ9Ar0zGLkVr+pNCy6CX0AFFFWP3K+gl2LDidCYIaW6vpfpMEdSU8zIuBwYRTKEh6hPuhYF4kSF+XSNMTyxSg8mqbRHaDhVf0/kiCs14rHt5EgP1Lw3Ef/zukYnV2FORWY0EXj2UGIY1CmcZAJ7VBKs2cgCwpLav0I8QBJhbZMr2xD8+ZUXoXVe9b2qf3dRqV0XcZTAITgGp8AHl6AGbkEdNAEGj+AZvII358l5cd6dj1nrklPMHIA/5Xz+ANajmAg=</latexit>

 for every kµkµ = 0
<latexit sha1_base64="p4GZHyBrCkoJF5BccyVz2x1za9w=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkRdCMU3bisYB/QTksmzbRhksyQZJQy9D/cuFDErf/izr8x085CWw/cy+Gce8nNCRLOtHHdb2dldW19Y7O0Vd7e2d3brxwctnScKkKbJOax6gRYU84kbRpmOO0kimIRcNoOotvcbz9SpVksH8wkob7AI8lCRrCxUj/q90SKokHer91BperW3BnQMvEKUoUCjUHlqzeMSSqoNIRjrbuemxg/w8owwum03Es1TTCJ8Ih2LZVYUO1ns6un6NQqQxTGypY0aKb+3siw0HoiAjspsBnrRS8X//O6qQmv/IzJJDVUkvlDYcqRiVEeARoyRYnhE0swUczeisgYK0yMDapsQ/AWv7xMWuc1z6159xfV+k0RRwmO4QTOwINLqMMdNKAJBBQ8wyu8OU/Oi/PufMxHV5xi5wj+wPn8AV+tkcI=</latexit><latexit sha1_base64="p4GZHyBrCkoJF5BccyVz2x1za9w=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkRdCMU3bisYB/QTksmzbRhksyQZJQy9D/cuFDErf/izr8x085CWw/cy+Gce8nNCRLOtHHdb2dldW19Y7O0Vd7e2d3brxwctnScKkKbJOax6gRYU84kbRpmOO0kimIRcNoOotvcbz9SpVksH8wkob7AI8lCRrCxUj/q90SKokHer91BperW3BnQMvEKUoUCjUHlqzeMSSqoNIRjrbuemxg/w8owwum03Es1TTCJ8Ih2LZVYUO1ns6un6NQqQxTGypY0aKb+3siw0HoiAjspsBnrRS8X//O6qQmv/IzJJDVUkvlDYcqRiVEeARoyRYnhE0swUczeisgYK0yMDapsQ/AWv7xMWuc1z6159xfV+k0RRwmO4QTOwINLqMMdNKAJBBQ8wyu8OU/Oi/PufMxHV5xi5wj+wPn8AV+tkcI=</latexit><latexit sha1_base64="p4GZHyBrCkoJF5BccyVz2x1za9w=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkRdCMU3bisYB/QTksmzbRhksyQZJQy9D/cuFDErf/izr8x085CWw/cy+Gce8nNCRLOtHHdb2dldW19Y7O0Vd7e2d3brxwctnScKkKbJOax6gRYU84kbRpmOO0kimIRcNoOotvcbz9SpVksH8wkob7AI8lCRrCxUj/q90SKokHer91BperW3BnQMvEKUoUCjUHlqzeMSSqoNIRjrbuemxg/w8owwum03Es1TTCJ8Ih2LZVYUO1ns6un6NQqQxTGypY0aKb+3siw0HoiAjspsBnrRS8X//O6qQmv/IzJJDVUkvlDYcqRiVEeARoyRYnhE0swUczeisgYK0yMDapsQ/AWv7xMWuc1z6159xfV+k0RRwmO4QTOwINLqMMdNKAJBBQ8wyu8OU/Oi/PufMxHV5xi5wj+wPn8AV+tkcI=</latexit><latexit sha1_base64="p4GZHyBrCkoJF5BccyVz2x1za9w=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkRdCMU3bisYB/QTksmzbRhksyQZJQy9D/cuFDErf/izr8x085CWw/cy+Gce8nNCRLOtHHdb2dldW19Y7O0Vd7e2d3brxwctnScKkKbJOax6gRYU84kbRpmOO0kimIRcNoOotvcbz9SpVksH8wkob7AI8lCRrCxUj/q90SKokHer91BperW3BnQMvEKUoUCjUHlqzeMSSqoNIRjrbuemxg/w8owwum03Es1TTCJ8Ih2LZVYUO1ns6un6NQqQxTGypY0aKb+3siw0HoiAjspsBnrRS8X//O6qQmv/IzJJDVUkvlDYcqRiVEeARoyRYnhE0swUczeisgYK0yMDapsQ/AWv7xMWuc1z6159xfV+k0RRwmO4QTOwINLqMMdNKAJBBQ8wyu8OU/Oi/PufMxHV5xi5wj+wPn8AV+tkcI=</latexit>

)
<latexit sha1_base64="8PelVKAo4qdZI1OCTABQNUyV7Oo=">AAAB8nicdVBNS8NAEN3Ur1q/qh69LBbBU0hiaeut6MVjFfsBbSib7aZdusmG3YlSSn+GFw+KePXXePPfuGkrqOiDgcd7M8zMCxLBNTjOh5VbWV1b38hvFra2d3b3ivsHLS1TRVmTSiFVJyCaCR6zJnAQrJMoRqJAsHYwvsz89h1Tmsv4FiYJ8yMyjHnIKQEjdXs3fDgCopS87xdLjn1eq3jlCnZsx6m6npsRr1o+K2PXKBlKaIlGv/jeG0iaRiwGKojWXddJwJ8SBZwKNiv0Us0SQsdkyLqGxiRi2p/OT57hE6MMcCiVqRjwXP0+MSWR1pMoMJ0RgZH+7WXiX143hbDmT3mcpMBiulgUpgKDxNn/eMAVoyAmhhCquLkV0xFRhIJJqWBC+PoU/09anu06tntdLtUvlnHk0RE6RqfIRVVUR1eogZqIIoke0BN6tsB6tF6s10VrzlrOHKIfsN4+AfEqka8=</latexit><latexit sha1_base64="8PelVKAo4qdZI1OCTABQNUyV7Oo=">AAAB8nicdVBNS8NAEN3Ur1q/qh69LBbBU0hiaeut6MVjFfsBbSib7aZdusmG3YlSSn+GFw+KePXXePPfuGkrqOiDgcd7M8zMCxLBNTjOh5VbWV1b38hvFra2d3b3ivsHLS1TRVmTSiFVJyCaCR6zJnAQrJMoRqJAsHYwvsz89h1Tmsv4FiYJ8yMyjHnIKQEjdXs3fDgCopS87xdLjn1eq3jlCnZsx6m6npsRr1o+K2PXKBlKaIlGv/jeG0iaRiwGKojWXddJwJ8SBZwKNiv0Us0SQsdkyLqGxiRi2p/OT57hE6MMcCiVqRjwXP0+MSWR1pMoMJ0RgZH+7WXiX143hbDmT3mcpMBiulgUpgKDxNn/eMAVoyAmhhCquLkV0xFRhIJJqWBC+PoU/09anu06tntdLtUvlnHk0RE6RqfIRVVUR1eogZqIIoke0BN6tsB6tF6s10VrzlrOHKIfsN4+AfEqka8=</latexit><latexit sha1_base64="8PelVKAo4qdZI1OCTABQNUyV7Oo=">AAAB8nicdVBNS8NAEN3Ur1q/qh69LBbBU0hiaeut6MVjFfsBbSib7aZdusmG3YlSSn+GFw+KePXXePPfuGkrqOiDgcd7M8zMCxLBNTjOh5VbWV1b38hvFra2d3b3ivsHLS1TRVmTSiFVJyCaCR6zJnAQrJMoRqJAsHYwvsz89h1Tmsv4FiYJ8yMyjHnIKQEjdXs3fDgCopS87xdLjn1eq3jlCnZsx6m6npsRr1o+K2PXKBlKaIlGv/jeG0iaRiwGKojWXddJwJ8SBZwKNiv0Us0SQsdkyLqGxiRi2p/OT57hE6MMcCiVqRjwXP0+MSWR1pMoMJ0RgZH+7WXiX143hbDmT3mcpMBiulgUpgKDxNn/eMAVoyAmhhCquLkV0xFRhIJJqWBC+PoU/09anu06tntdLtUvlnHk0RE6RqfIRVVUR1eogZqIIoke0BN6tsB6tF6s10VrzlrOHKIfsN4+AfEqka8=</latexit><latexit sha1_base64="8PelVKAo4qdZI1OCTABQNUyV7Oo=">AAAB8nicdVBNS8NAEN3Ur1q/qh69LBbBU0hiaeut6MVjFfsBbSib7aZdusmG3YlSSn+GFw+KePXXePPfuGkrqOiDgcd7M8zMCxLBNTjOh5VbWV1b38hvFra2d3b3ivsHLS1TRVmTSiFVJyCaCR6zJnAQrJMoRqJAsHYwvsz89h1Tmsv4FiYJ8yMyjHnIKQEjdXs3fDgCopS87xdLjn1eq3jlCnZsx6m6npsRr1o+K2PXKBlKaIlGv/jeG0iaRiwGKojWXddJwJ8SBZwKNiv0Us0SQsdkyLqGxiRi2p/OT57hE6MMcCiVqRjwXP0+MSWR1pMoMJ0RgZH+7WXiX143hbDmT3mcpMBiulgUpgKDxNn/eMAVoyAmhhCquLkV0xFRhIJJqWBC+PoU/09anu06tntdLtUvlnHk0RE6RqfIRVVUR1eogZqIIoke0BN6tsB6tF6s10VrzlrOHKIfsN4+AfEqka8=</latexit>

the 3d surface generated by the light rays 
the boundary of the future of the 2-surface 
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trapped

Trapped surface’s in non-singular  spacetime?

 no-singularity

time

the surface is achronal, compact and closed   
 Einstein’s equations
 energy positivity

Tµ⌫k
µk⌫ � 0,
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a 3d surface generated by the light rays 
the boundary of the future of the 2-surface 

Uses theory of geodesic flows and conjugate  
points, generalised to null geodesics 
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space

time
a family o time like observers
defines a homeomorphic map             

of a closed 3d surface onto an open subset  
of a non-compact   3d space            

there is no way it can be true!           

Can the future have a compact, closed boundary? 

Reasonable, however, from the point of view of developing imagination of  
theoretical physicist, strong assumption:  
the existence of a non-compact Cauchy surface



the original drawing by Penrose



The result attracted a lot of researchers, produced 
lot of generalisations by Penrose himself and 
newcomers. One of the newcomers was Steven 
Hawking  who dragged the research in his papers 
toward cosmology.  When Penrose and Hawking 
combined their effort, they have accomplished more
than each of them could do individually… 
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singularity

for example a closed universe

Physical conclusion:



The technical reason:



Singularities of spacetime are realistic consequences of  gravitational 
collapse - it applies to stars, galaxies, and universes.     

The singularities amount to  incompleteness of some geodesic  
curves, however, not much more is known about their nature.  

Can we see singularities? No, whenever  Penrose’s cosmic  
censorship conjecture is true.   

Is the cosmic censorship conjecture true? Yes, provided the  
Penrose  inequality is satisfied. Then,  a black hole horizon forms. 

Conclusions on the singularities 

Some of the energy conditions are sensitive to the existence of a 
positive cosmological  constant …



Other major results on black holes by Penrose 

General definition of black hole spacetime and an event horizon  
as the boundary of the past of the future null infinity.    

Extraction of energy from black hole on the cost of its angular 
momentum.

Instability of the inner horizon in the Kerr-Newman black hole with 
respect to falling in perturbations of matter fields.





Other major results by Penrose 

Aperiodic tilling and existence  
of quasicrystals 

The twistor theory in  
mathematics

The spin-networks used in  
quantum models

Impossible objects in painting:



Born in Colchester, Essex, Roger Penrose is a son of Margaret (Leathes) 
and psychiatrist and geneticist Lionel Penrose.[b] His paternal grandparents 
were J. Doyle Penrose, an Irish-born artist, and The Hon. Elizabeth 
Josephine Peckover; and his maternal grandparents were physiologist John 
Beresford Leathes and his wife, Sonia Marie Natanson,[5][6] a Jewish 
Russian who had left St. Petersburg in the late 1880s.[7][5] His uncle was 
artist Roland Penrose, whose son with photographer Lee Miller is Antony 
Penrose.[8][9] Penrose is the brother of physicist Oliver Penrose, of 
geneticist Shirley Hodgson, and of chess Grandmaster Jonathan Penrose.
[10][11]
Penrose spent World War II as a child in Canada where his father worked in 
London, Ontario.[12] Penrose attended University College School and 
University College London, where he graduated with a first class degree in 
mathematics.[10]
Penrose spent the academic year 1956-57 as an Assistant Lecturer at 
Bedford College, London and was then a Research Fellow at St John's 
College, Cambridge. He met there Dennis Sciama.

Some early biography of Roger Penrose  
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