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COSMIC STRINGS AND BLACK 
HOLES

A. Vilenkin



Cosmic strings and black holes

String loops can be captured by black holes and 
can interact with them in interesting ways.

Work with:

Yuri Levin, Andrei Gruzinov , Hengrui Xing, Heling Deng  



Strings could be formed at a symmetry breaking phase 
transition in the early universe. 

– mass per unit length  

Predicted in a wide variety of particle physics models.

Can be either infinite or closed.

Nielsen & Olesen (1973)
Kibble (1976)  

String reconnection

Tension =                      relativistic motion.    µ
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Loops oscillate with a period

€ 

T = L /2.

Loop dynamics

S = �µA
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Nambu-Goto action:

0 < � < L, L = m/µ
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Worldsheet area

Invariant length

Solution of NG eqs of motion:

x(�, t) =
1

2
[a(� � t) + b(� + t)]
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a0
2
= b02 = 1
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Loop captured by a black hole

It is like a loop pinned at one point.

Boundary conditions:

x(�, t) =
1

2
[a(� � t)� a(�� � t)]

<latexit sha1_base64="/NphvLF+9NN+YjFPtumkB/cOj4k="></latexit><latexit sha1_base64="/NphvLF+9NN+YjFPtumkB/cOj4k="></latexit><latexit sha1_base64="/NphvLF+9NN+YjFPtumkB/cOj4k="></latexit><latexit sha1_base64="/NphvLF+9NN+YjFPtumkB/cOj4k="></latexit>

The loop oscillates with a period 2L.

x(0, t) = x(L, t) = 0.
<latexit sha1_base64="9dOc5u9S/CF+WdD4CmDcHf9dHJw=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahggwZEXQjFN24cFHBPqAdSibNtKGZzJBkxDJ048ZfceNCEbf+gzv/xkw7glYPBM49515u7vFjzpRG6NMqzM0vLC4Vl0srq2vrG/bmVkNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/vAi85u3VCoWiRs9iqkX4r5gASNYG6lr76YdP4B34wo61Adn38VVViCna5eRgyaAf4mbkzLIUevaH51eRJKQCk04Vqrtolh7KZaaEU7HpU6iaIzJEPdp21CBQ6q8dHLFGO4bpQeDSJonNJyoPydSHCo1Cn3TGWI9ULNeJv7ntRMdnHopE3GiqSDTRUHCoY5gFgnsMUmJ5iNDMJHM/BWSAZaYaBNcyYTgzp78lzSOHBc57vVxuXqex1EEO2APVIALTkAVXIIaqAMC7sEjeAYv1oP1ZL1ab9PWgpXPbINfsN6/AB3llmE=</latexit><latexit sha1_base64="9dOc5u9S/CF+WdD4CmDcHf9dHJw=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahggwZEXQjFN24cFHBPqAdSibNtKGZzJBkxDJ048ZfceNCEbf+gzv/xkw7glYPBM49515u7vFjzpRG6NMqzM0vLC4Vl0srq2vrG/bmVkNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/vAi85u3VCoWiRs9iqkX4r5gASNYG6lr76YdP4B34wo61Adn38VVViCna5eRgyaAf4mbkzLIUevaH51eRJKQCk04Vqrtolh7KZaaEU7HpU6iaIzJEPdp21CBQ6q8dHLFGO4bpQeDSJonNJyoPydSHCo1Cn3TGWI9ULNeJv7ntRMdnHopE3GiqSDTRUHCoY5gFgnsMUmJ5iNDMJHM/BWSAZaYaBNcyYTgzp78lzSOHBc57vVxuXqex1EEO2APVIALTkAVXIIaqAMC7sEjeAYv1oP1ZL1ab9PWgpXPbINfsN6/AB3llmE=</latexit><latexit sha1_base64="9dOc5u9S/CF+WdD4CmDcHf9dHJw=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahggwZEXQjFN24cFHBPqAdSibNtKGZzJBkxDJ048ZfceNCEbf+gzv/xkw7glYPBM49515u7vFjzpRG6NMqzM0vLC4Vl0srq2vrG/bmVkNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/vAi85u3VCoWiRs9iqkX4r5gASNYG6lr76YdP4B34wo61Adn38VVViCna5eRgyaAf4mbkzLIUevaH51eRJKQCk04Vqrtolh7KZaaEU7HpU6iaIzJEPdp21CBQ6q8dHLFGO4bpQeDSJonNJyoPydSHCo1Cn3TGWI9ULNeJv7ntRMdnHopE3GiqSDTRUHCoY5gFgnsMUmJ5iNDMJHM/BWSAZaYaBNcyYTgzp78lzSOHBc57vVxuXqex1EEO2APVIALTkAVXIIaqAMC7sEjeAYv1oP1ZL1ab9PWgpXPbINfsN6/AB3llmE=</latexit><latexit sha1_base64="9dOc5u9S/CF+WdD4CmDcHf9dHJw=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahggwZEXQjFN24cFHBPqAdSibNtKGZzJBkxDJ048ZfceNCEbf+gzv/xkw7glYPBM49515u7vFjzpRG6NMqzM0vLC4Vl0srq2vrG/bmVkNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/vAi85u3VCoWiRs9iqkX4r5gASNYG6lr76YdP4B34wo61Adn38VVViCna5eRgyaAf4mbkzLIUevaH51eRJKQCk04Vqrtolh7KZaaEU7HpU6iaIzJEPdp21CBQ6q8dHLFGO4bpQeDSJonNJyoPydSHCo1Cn3TGWI9ULNeJv7ntRMdnHopE3GiqSDTRUHCoY5gFgnsMUmJ5iNDMJHM/BWSAZaYaBNcyYTgzp78lzSOHBc57vVxuXqex1EEO2APVIALTkAVXIIaqAMC7sEjeAYv1oP1ZL1ab9PWgpXPbINfsN6/AB3llmE=</latexit> M � µL

<latexit sha1_base64="WmX4M7gC9Jz7/EgB52FZTp/VRHs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCvYDm1A22026dHcTdjdCCf0XXjwo4tV/481/47bNQVsfDDzem2FmXphypo3rfjulldW19Y3yZmVre2d3r7p/0NZJpghtkYQnqhtiTTmTtGWY4bSbKopFyGknHF1P/c4TVZol8sGMUxoIHEsWMYKNlR7v/DhGvsjQbb9ac+vuDGiZeAWpQYFmv/rlDxKSCSoN4VjrnuemJsixMoxwOqn4maYpJiMc056lEguqg3x28QSdWGWAokTZkgbN1N8TORZaj0VoOwU2Q73oTcX/vF5mossgZzLNDJVkvijKODIJmr6PBkxRYvjYEkwUs7ciMsQKE2NDqtgQvMWXl0n7rO65de/+vNa4KuIowxEcwyl4cAENuIEmtICAhGd4hTdHOy/Ou/Mxby05xcwh/IHz+QN6tJAf</latexit><latexit sha1_base64="WmX4M7gC9Jz7/EgB52FZTp/VRHs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCvYDm1A22026dHcTdjdCCf0XXjwo4tV/481/47bNQVsfDDzem2FmXphypo3rfjulldW19Y3yZmVre2d3r7p/0NZJpghtkYQnqhtiTTmTtGWY4bSbKopFyGknHF1P/c4TVZol8sGMUxoIHEsWMYKNlR7v/DhGvsjQbb9ac+vuDGiZeAWpQYFmv/rlDxKSCSoN4VjrnuemJsixMoxwOqn4maYpJiMc056lEguqg3x28QSdWGWAokTZkgbN1N8TORZaj0VoOwU2Q73oTcX/vF5mossgZzLNDJVkvijKODIJmr6PBkxRYvjYEkwUs7ciMsQKE2NDqtgQvMWXl0n7rO65de/+vNa4KuIowxEcwyl4cAENuIEmtICAhGd4hTdHOy/Ou/Mxby05xcwh/IHz+QN6tJAf</latexit><latexit sha1_base64="WmX4M7gC9Jz7/EgB52FZTp/VRHs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCvYDm1A22026dHcTdjdCCf0XXjwo4tV/481/47bNQVsfDDzem2FmXphypo3rfjulldW19Y3yZmVre2d3r7p/0NZJpghtkYQnqhtiTTmTtGWY4bSbKopFyGknHF1P/c4TVZol8sGMUxoIHEsWMYKNlR7v/DhGvsjQbb9ac+vuDGiZeAWpQYFmv/rlDxKSCSoN4VjrnuemJsixMoxwOqn4maYpJiMc056lEguqg3x28QSdWGWAokTZkgbN1N8TORZaj0VoOwU2Q73oTcX/vF5mossgZzLNDJVkvijKODIJmr6PBkxRYvjYEkwUs7ciMsQKE2NDqtgQvMWXl0n7rO65de/+vNa4KuIowxEcwyl4cAENuIEmtICAhGd4hTdHOy/Ou/Mxby05xcwh/IHz+QN6tJAf</latexit><latexit sha1_base64="WmX4M7gC9Jz7/EgB52FZTp/VRHs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCvYDm1A22026dHcTdjdCCf0XXjwo4tV/481/47bNQVsfDDzem2FmXphypo3rfjulldW19Y3yZmVre2d3r7p/0NZJpghtkYQnqhtiTTmTtGWY4bSbKopFyGknHF1P/c4TVZol8sGMUxoIHEsWMYKNlR7v/DhGvsjQbb9ac+vuDGiZeAWpQYFmv/rlDxKSCSoN4VjrnuemJsixMoxwOqn4maYpJiMc056lEguqg3x28QSdWGWAokTZkgbN1N8TORZaj0VoOwU2Q73oTcX/vF5mossgZzLNDJVkvijKODIJmr6PBkxRYvjYEkwUs7ciMsQKE2NDqtgQvMWXl0n7rO65de/+vNa4KuIowxEcwyl4cAENuIEmtICAhGd4hTdHOy/Ou/Mxby05xcwh/IHz+QN6tJAf</latexit>

H. Xing, Y. Levin, 
A. Gruzinov, & A.V. (2020) 

<latexit sha1_base64="gnx4mkwpCeQ20mfnHi3k9nRCcwk=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUS9C0YNehCr2A9qlZNNsG5pklyQrlKV/wYsHRbz6h7z5b8y2e9DWBwOP92aYmRfEnGnjut9OYWl5ZXWtuF7a2Nza3inv7jV1lChCGyTikWoHWFPOJG0YZjhtx4piEXDaCkbXmd96okqzSD6acUx9gQeShYxgk0kPlzd3vXLFrbpToEXi5aQCOeq98le3H5FEUGkIx1p3PDc2foqVYYTTSambaBpjMsID2rFUYkG1n05vnaAjq/RRGClb0qCp+nsixULrsQhsp8BmqOe9TPzP6yQmvPBTJuPEUElmi8KEIxOh7HHUZ4oSw8eWYKKYvRWRIVaYGBtPyYbgzb+8SJonVe+senp/Wqld5XEU4QAO4Rg8OIca3EIdGkBgCM/wCm+OcF6cd+dj1lpw8pl9+APn8wdc2o3O</latexit>

R = GM

<latexit sha1_base64="2kFD0uuMIKQzFLYpUMNzarf6Xu8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLEf0C4lm2bbaDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0wEN9bzvlFhZXVtfaO4Wdra3tndK+8ftIxKNWVNqoTSnZAYJrhkTcutYJ1EMxKHgrXDx6up335i2nAl7+04YUFMhpJHnBLrpNZdTwh80y9XvKo3A14mfk4qkKPRL3/1BoqmMZOWCmJM1/cSG2REW04Fm5R6qWEJoY9kyLqOShIzE2Szayf4xCkDHCntSlo8U39PZCQ2ZhyHrjMmdmQWvan4n9dNbXQZZFwmqWWSzhdFqcBW4enreMA1o1aMHSFUc3crpiOiCbUuoJILwV98eZm0zqr+ebV2W6vUa3kcRTiCYzgFHy6gDtfQgCZQeIBneIU3pNALekcf89YCymcO4Q/Q5w/f1I6j</latexit>

R ⌧ L



Loop captured by a black hole

It is like a loop pinned at one point.

Boundary conditions:

x(�, t) =
1

2
[a(� � t)� a(�� � t)]

<latexit sha1_base64="/NphvLF+9NN+YjFPtumkB/cOj4k="></latexit><latexit sha1_base64="/NphvLF+9NN+YjFPtumkB/cOj4k="></latexit><latexit sha1_base64="/NphvLF+9NN+YjFPtumkB/cOj4k="></latexit><latexit sha1_base64="/NphvLF+9NN+YjFPtumkB/cOj4k="></latexit>

The loop oscillates with a period 2L.

x(0, t) = x(L, t) = 0.
<latexit sha1_base64="9dOc5u9S/CF+WdD4CmDcHf9dHJw=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahggwZEXQjFN24cFHBPqAdSibNtKGZzJBkxDJ048ZfceNCEbf+gzv/xkw7glYPBM49515u7vFjzpRG6NMqzM0vLC4Vl0srq2vrG/bmVkNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/vAi85u3VCoWiRs9iqkX4r5gASNYG6lr76YdP4B34wo61Adn38VVViCna5eRgyaAf4mbkzLIUevaH51eRJKQCk04Vqrtolh7KZaaEU7HpU6iaIzJEPdp21CBQ6q8dHLFGO4bpQeDSJonNJyoPydSHCo1Cn3TGWI9ULNeJv7ntRMdnHopE3GiqSDTRUHCoY5gFgnsMUmJ5iNDMJHM/BWSAZaYaBNcyYTgzp78lzSOHBc57vVxuXqex1EEO2APVIALTkAVXIIaqAMC7sEjeAYv1oP1ZL1ab9PWgpXPbINfsN6/AB3llmE=</latexit><latexit sha1_base64="9dOc5u9S/CF+WdD4CmDcHf9dHJw=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahggwZEXQjFN24cFHBPqAdSibNtKGZzJBkxDJ048ZfceNCEbf+gzv/xkw7glYPBM49515u7vFjzpRG6NMqzM0vLC4Vl0srq2vrG/bmVkNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/vAi85u3VCoWiRs9iqkX4r5gASNYG6lr76YdP4B34wo61Adn38VVViCna5eRgyaAf4mbkzLIUevaH51eRJKQCk04Vqrtolh7KZaaEU7HpU6iaIzJEPdp21CBQ6q8dHLFGO4bpQeDSJonNJyoPydSHCo1Cn3TGWI9ULNeJv7ntRMdnHopE3GiqSDTRUHCoY5gFgnsMUmJ5iNDMJHM/BWSAZaYaBNcyYTgzp78lzSOHBc57vVxuXqex1EEO2APVIALTkAVXIIaqAMC7sEjeAYv1oP1ZL1ab9PWgpXPbINfsN6/AB3llmE=</latexit><latexit sha1_base64="9dOc5u9S/CF+WdD4CmDcHf9dHJw=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahggwZEXQjFN24cFHBPqAdSibNtKGZzJBkxDJ048ZfceNCEbf+gzv/xkw7glYPBM49515u7vFjzpRG6NMqzM0vLC4Vl0srq2vrG/bmVkNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/vAi85u3VCoWiRs9iqkX4r5gASNYG6lr76YdP4B34wo61Adn38VVViCna5eRgyaAf4mbkzLIUevaH51eRJKQCk04Vqrtolh7KZaaEU7HpU6iaIzJEPdp21CBQ6q8dHLFGO4bpQeDSJonNJyoPydSHCo1Cn3TGWI9ULNeJv7ntRMdnHopE3GiqSDTRUHCoY5gFgnsMUmJ5iNDMJHM/BWSAZaYaBNcyYTgzp78lzSOHBc57vVxuXqex1EEO2APVIALTkAVXIIaqAMC7sEjeAYv1oP1ZL1ab9PWgpXPbINfsN6/AB3llmE=</latexit><latexit sha1_base64="9dOc5u9S/CF+WdD4CmDcHf9dHJw=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahggwZEXQjFN24cFHBPqAdSibNtKGZzJBkxDJ048ZfceNCEbf+gzv/xkw7glYPBM49515u7vFjzpRG6NMqzM0vLC4Vl0srq2vrG/bmVkNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/vAi85u3VCoWiRs9iqkX4r5gASNYG6lr76YdP4B34wo61Adn38VVViCna5eRgyaAf4mbkzLIUevaH51eRJKQCk04Vqrtolh7KZaaEU7HpU6iaIzJEPdp21CBQ6q8dHLFGO4bpQeDSJonNJyoPydSHCo1Cn3TGWI9ULNeJv7ntRMdnHopE3GiqSDTRUHCoY5gFgnsMUmJ5iNDMJHM/BWSAZaYaBNcyYTgzp78lzSOHBc57vVxuXqex1EEO2APVIALTkAVXIIaqAMC7sEjeAYv1oP1ZL1ab9PWgpXPbINfsN6/AB3llmE=</latexit>

Fixed auxiliary curve

a(�)
<latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit><latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit><latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit><latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit>

M � µL
<latexit sha1_base64="WmX4M7gC9Jz7/EgB52FZTp/VRHs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCvYDm1A22026dHcTdjdCCf0XXjwo4tV/481/47bNQVsfDDzem2FmXphypo3rfjulldW19Y3yZmVre2d3r7p/0NZJpghtkYQnqhtiTTmTtGWY4bSbKopFyGknHF1P/c4TVZol8sGMUxoIHEsWMYKNlR7v/DhGvsjQbb9ac+vuDGiZeAWpQYFmv/rlDxKSCSoN4VjrnuemJsixMoxwOqn4maYpJiMc056lEguqg3x28QSdWGWAokTZkgbN1N8TORZaj0VoOwU2Q73oTcX/vF5mossgZzLNDJVkvijKODIJmr6PBkxRYvjYEkwUs7ciMsQKE2NDqtgQvMWXl0n7rO65de/+vNa4KuIowxEcwyl4cAENuIEmtICAhGd4hTdHOy/Ou/Mxby05xcwh/IHz+QN6tJAf</latexit><latexit sha1_base64="WmX4M7gC9Jz7/EgB52FZTp/VRHs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCvYDm1A22026dHcTdjdCCf0XXjwo4tV/481/47bNQVsfDDzem2FmXphypo3rfjulldW19Y3yZmVre2d3r7p/0NZJpghtkYQnqhtiTTmTtGWY4bSbKopFyGknHF1P/c4TVZol8sGMUxoIHEsWMYKNlR7v/DhGvsjQbb9ac+vuDGiZeAWpQYFmv/rlDxKSCSoN4VjrnuemJsixMoxwOqn4maYpJiMc056lEguqg3x28QSdWGWAokTZkgbN1N8TORZaj0VoOwU2Q73oTcX/vF5mossgZzLNDJVkvijKODIJmr6PBkxRYvjYEkwUs7ciMsQKE2NDqtgQvMWXl0n7rO65de/+vNa4KuIowxEcwyl4cAENuIEmtICAhGd4hTdHOy/Ou/Mxby05xcwh/IHz+QN6tJAf</latexit><latexit sha1_base64="WmX4M7gC9Jz7/EgB52FZTp/VRHs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCvYDm1A22026dHcTdjdCCf0XXjwo4tV/481/47bNQVsfDDzem2FmXphypo3rfjulldW19Y3yZmVre2d3r7p/0NZJpghtkYQnqhtiTTmTtGWY4bSbKopFyGknHF1P/c4TVZol8sGMUxoIHEsWMYKNlR7v/DhGvsjQbb9ac+vuDGiZeAWpQYFmv/rlDxKSCSoN4VjrnuemJsixMoxwOqn4maYpJiMc056lEguqg3x28QSdWGWAokTZkgbN1N8TORZaj0VoOwU2Q73oTcX/vF5mossgZzLNDJVkvijKODIJmr6PBkxRYvjYEkwUs7ciMsQKE2NDqtgQvMWXl0n7rO65de/+vNa4KuIowxEcwyl4cAENuIEmtICAhGd4hTdHOy/Ou/Mxby05xcwh/IHz+QN6tJAf</latexit><latexit sha1_base64="WmX4M7gC9Jz7/EgB52FZTp/VRHs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCvYDm1A22026dHcTdjdCCf0XXjwo4tV/481/47bNQVsfDDzem2FmXphypo3rfjulldW19Y3yZmVre2d3r7p/0NZJpghtkYQnqhtiTTmTtGWY4bSbKopFyGknHF1P/c4TVZol8sGMUxoIHEsWMYKNlR7v/DhGvsjQbb9ac+vuDGiZeAWpQYFmv/rlDxKSCSoN4VjrnuemJsixMoxwOqn4maYpJiMc056lEguqg3x28QSdWGWAokTZkgbN1N8TORZaj0VoOwU2Q73oTcX/vF5mossgZzLNDJVkvijKODIJmr6PBkxRYvjYEkwUs7ciMsQKE2NDqtgQvMWXl0n7rO65de/+vNa4KuIowxEcwyl4cAENuIEmtICAhGd4hTdHOy/Ou/Mxby05xcwh/IHz+QN6tJAf</latexit>

<latexit sha1_base64="YoyAjBgBH7+xTtDiRXiZGsqSo1k=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CUIsUQRsLiwjGBC5H2NvsJUt2b4/dPSEc+Rk2ForY+mvs/Ddukis08cHA470ZZuaFCWfauO63U1hb39jcKm6Xdnb39g/Kh0ePWqaK0DaRXKpuiDXlLKZtwwyn3URRLEJOO+H4ZuZ3nqjSTMYPZpLQQOBhzCJGsLGS7zZ6mg0FbtTu+uWKW3XnQKvEy0kFcrT65a/eQJJU0NgQjrX2PTcxQYaVYYTTaamXappgMsZD6lsaY0F1kM1PnqIzqwxQJJWt2KC5+nsiw0LriQhtp8BmpJe9mfif56cmugoyFiepoTFZLIpSjoxEs//RgClKDJ9Ygoli9lZERlhhYmxKJRuCt/zyKnmsVb2Lav2+Xmle53EU4QRO4Rw8uIQm3EIL2kBAwjO8wptjnBfn3flYtBacfOYY/sD5/AEhuZCE</latexit>

0 < � < 2L
Not the shape of the 
physical loop!

H. Xing, Y. Levin, 
A. Gruzinov, & A.V. (2020) 

<latexit sha1_base64="gnx4mkwpCeQ20mfnHi3k9nRCcwk=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUS9C0YNehCr2A9qlZNNsG5pklyQrlKV/wYsHRbz6h7z5b8y2e9DWBwOP92aYmRfEnGnjut9OYWl5ZXWtuF7a2Nza3inv7jV1lChCGyTikWoHWFPOJG0YZjhtx4piEXDaCkbXmd96okqzSD6acUx9gQeShYxgk0kPlzd3vXLFrbpToEXi5aQCOeq98le3H5FEUGkIx1p3PDc2foqVYYTTSambaBpjMsID2rFUYkG1n05vnaAjq/RRGClb0qCp+nsixULrsQhsp8BmqOe9TPzP6yQmvPBTJuPEUElmi8KEIxOh7HHUZ4oSw8eWYKKYvRWRIVaYGBtPyYbgzb+8SJonVe+senp/Wqld5XEU4QAO4Rg8OIca3EIdGkBgCM/wCm+OcF6cd+dj1lpw8pl9+APn8wdc2o3O</latexit>

R = GM

<latexit sha1_base64="8NjqaeQcIWl7Fq8nOXb2Joap9Sc=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbRU9ktRb0IBS8eK9gP6K4lm2bb0GyyJFmhLP0bXjwo4tU/481/Y9ruQVsfDDzem2FmXphwpo3rfjuFtfWNza3idmlnd2//oHx41NYyVYS2iORSdUOsKWeCtgwznHYTRXEcctoJx7czv/NElWZSPJhJQoMYDwWLGMHGSn7mhxHC59PH2o3XL1fcqjsHWiVeTiqQo9kvf/kDSdKYCkM41rrnuYkJMqwMI5xOS36qaYLJGA9pz1KBY6qDbH7zFJ1ZZYAiqWwJg+bq74kMx1pP4tB2xtiM9LI3E//zeqmJroOMiSQ1VJDFoijlyEg0CwANmKLE8IklmChmb0VkhBUmxsZUsiF4yy+vknat6l1W6/f1SqOex1GEEziFC/DgChpwB01oAYEEnuEV3pzUeXHenY9Fa8HJZ47hD5zPH47XkK8=</latexit>

a0
2
= 1

<latexit sha1_base64="2kFD0uuMIKQzFLYpUMNzarf6Xu8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLEf0C4lm2bbaDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0wEN9bzvlFhZXVtfaO4Wdra3tndK+8ftIxKNWVNqoTSnZAYJrhkTcutYJ1EMxKHgrXDx6up335i2nAl7+04YUFMhpJHnBLrpNZdTwh80y9XvKo3A14mfk4qkKPRL3/1BoqmMZOWCmJM1/cSG2REW04Fm5R6qWEJoY9kyLqOShIzE2Szayf4xCkDHCntSlo8U39PZCQ2ZhyHrjMmdmQWvan4n9dNbXQZZFwmqWWSzhdFqcBW4enreMA1o1aMHSFUc3crpiOiCbUuoJILwV98eZm0zqr+ebV2W6vUa3kcRTiCYzgFHy6gDtfQgCZQeIBneIU3pNALekcf89YCymcO4Q/Q5w/f1I6j</latexit>

R ⌧ L



Rotating black hole
If the string is in the equatorial plane,                   .

The torque is                                  .
Frolov et al  (!989)

` = 4R2⌦
<latexit sha1_base64="eVDkRFntqNnPEEfO/TCyqLb2etE=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lKQS9C0Ys3q9gPaGLZbCft0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FJxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqtx9BKhaLez1OwI/IQLCQUaKN1LNLHnB+Ubt7qHo3EQxIzy47FWcGvEzcnJRRjkbP/vL6MU0jEJpyolTXdRLtZ0RqRjlMil6qICF0RAbQNVSQCJSfzQ6f4BOj9HEYS1NC45n6eyIjkVLjKDCdEdFDtehNxf+8bqrDcz9jIkk1CDpfFKYc6xhPU8B9JoFqPjaEUMnMrZgOiSRUm6yKJgR38eVl0qpWXKfi3tbK9cs8jgI6QsfoFLnoDNXRNWqgJqIoRc/oFb1ZT9aL9W59zFtXrHzmEP2B9fkDr/eScg==</latexit><latexit sha1_base64="eVDkRFntqNnPEEfO/TCyqLb2etE=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lKQS9C0Ys3q9gPaGLZbCft0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FJxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqtx9BKhaLez1OwI/IQLCQUaKN1LNLHnB+Ubt7qHo3EQxIzy47FWcGvEzcnJRRjkbP/vL6MU0jEJpyolTXdRLtZ0RqRjlMil6qICF0RAbQNVSQCJSfzQ6f4BOj9HEYS1NC45n6eyIjkVLjKDCdEdFDtehNxf+8bqrDcz9jIkk1CDpfFKYc6xhPU8B9JoFqPjaEUMnMrZgOiSRUm6yKJgR38eVl0qpWXKfi3tbK9cs8jgI6QsfoFLnoDNXRNWqgJqIoRc/oFb1ZT9aL9W59zFtXrHzmEP2B9fkDr/eScg==</latexit><latexit sha1_base64="eVDkRFntqNnPEEfO/TCyqLb2etE=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lKQS9C0Ys3q9gPaGLZbCft0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FJxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqtx9BKhaLez1OwI/IQLCQUaKN1LNLHnB+Ubt7qHo3EQxIzy47FWcGvEzcnJRRjkbP/vL6MU0jEJpyolTXdRLtZ0RqRjlMil6qICF0RAbQNVSQCJSfzQ6f4BOj9HEYS1NC45n6eyIjkVLjKDCdEdFDtehNxf+8bqrDcz9jIkk1CDpfFKYc6xhPU8B9JoFqPjaEUMnMrZgOiSRUm6yKJgR38eVl0qpWXKfi3tbK9cs8jgI6QsfoFLnoDNXRNWqgJqIoRc/oFb1ZT9aL9W59zFtXrHzmEP2B9fkDr/eScg==</latexit><latexit sha1_base64="eVDkRFntqNnPEEfO/TCyqLb2etE=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lKQS9C0Ys3q9gPaGLZbCft0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FJxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqtx9BKhaLez1OwI/IQLCQUaKN1LNLHnB+Ubt7qHo3EQxIzy47FWcGvEzcnJRRjkbP/vL6MU0jEJpyolTXdRLtZ0RqRjlMil6qICF0RAbQNVSQCJSfzQ6f4BOj9HEYS1NC45n6eyIjkVLjKDCdEdFDtehNxf+8bqrDcz9jIkk1CDpfFKYc6xhPU8B9JoFqPjaEUMnMrZgOiSRUm6yKJgR38eVl0qpWXKfi3tbK9cs8jgI6QsfoFLnoDNXRNWqgJqIoRc/oFb1ZT9aL9W59zFtXrHzmEP2B9fkDr/eScg==</latexit>

Q = µ` = 4µR2⌦
<latexit sha1_base64="m8XwLdnnIesGxJ48dDpUMpBskis=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlphR0Uyi6cWcr9gKdsWTS0zY0mRmSjFBK3fgqblwo4ta3cOfbmLaz0NYfAh//OYeT8wcxZ0o7zreVWVldW9/Ibua2tnd29+z9g4aKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhlfTevMBpGJReKdHMfiC9EPWY5RoY3Xso1rZE4kHnJdLBvDtfdG7EdAnHTvvFJyZ8DK4KeRRqmrH/vK6EU0EhJpyolTbdWLtj4nUjHKY5LxEQUzokPShbTAkApQ/nl0wwafG6eJeJM0LNZ65vyfGRCg1EoHpFEQP1GJtav5Xaye6d+GPWRgnGkI6X9RLONYRnsaBu0wC1XxkgFDJzF8xHRBJqDah5UwI7uLJy9AoFlyn4NZK+cplGkcWHaMTdIZcdI4q6BpVUR1R9Iie0St6s56sF+vd+pi3Zqx05hD9kfX5AwaElfY=</latexit><latexit sha1_base64="m8XwLdnnIesGxJ48dDpUMpBskis=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlphR0Uyi6cWcr9gKdsWTS0zY0mRmSjFBK3fgqblwo4ta3cOfbmLaz0NYfAh//OYeT8wcxZ0o7zreVWVldW9/Ibua2tnd29+z9g4aKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhlfTevMBpGJReKdHMfiC9EPWY5RoY3Xso1rZE4kHnJdLBvDtfdG7EdAnHTvvFJyZ8DK4KeRRqmrH/vK6EU0EhJpyolTbdWLtj4nUjHKY5LxEQUzokPShbTAkApQ/nl0wwafG6eJeJM0LNZ65vyfGRCg1EoHpFEQP1GJtav5Xaye6d+GPWRgnGkI6X9RLONYRnsaBu0wC1XxkgFDJzF8xHRBJqDah5UwI7uLJy9AoFlyn4NZK+cplGkcWHaMTdIZcdI4q6BpVUR1R9Iie0St6s56sF+vd+pi3Zqx05hD9kfX5AwaElfY=</latexit><latexit sha1_base64="m8XwLdnnIesGxJ48dDpUMpBskis=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlphR0Uyi6cWcr9gKdsWTS0zY0mRmSjFBK3fgqblwo4ta3cOfbmLaz0NYfAh//OYeT8wcxZ0o7zreVWVldW9/Ibua2tnd29+z9g4aKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhlfTevMBpGJReKdHMfiC9EPWY5RoY3Xso1rZE4kHnJdLBvDtfdG7EdAnHTvvFJyZ8DK4KeRRqmrH/vK6EU0EhJpyolTbdWLtj4nUjHKY5LxEQUzokPShbTAkApQ/nl0wwafG6eJeJM0LNZ65vyfGRCg1EoHpFEQP1GJtav5Xaye6d+GPWRgnGkI6X9RLONYRnsaBu0wC1XxkgFDJzF8xHRBJqDah5UwI7uLJy9AoFlyn4NZK+cplGkcWHaMTdIZcdI4q6BpVUR1R9Iie0St6s56sF+vd+pi3Zqx05hD9kfX5AwaElfY=</latexit><latexit sha1_base64="m8XwLdnnIesGxJ48dDpUMpBskis=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlphR0Uyi6cWcr9gKdsWTS0zY0mRmSjFBK3fgqblwo4ta3cOfbmLaz0NYfAh//OYeT8wcxZ0o7zreVWVldW9/Ibua2tnd29+z9g4aKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhlfTevMBpGJReKdHMfiC9EPWY5RoY3Xso1rZE4kHnJdLBvDtfdG7EdAnHTvvFJyZ8DK4KeRRqmrH/vK6EU0EhJpyolTbdWLtj4nUjHKY5LxEQUzokPShbTAkApQ/nl0wwafG6eJeJM0LNZ65vyfGRCg1EoHpFEQP1GJtav5Xaye6d+GPWRgnGkI6X9RLONYRnsaBu0wC1XxkgFDJzF8xHRBJqDah5UwI7uLJy9AoFlyn4NZK+cplGkcWHaMTdIZcdI4q6BpVUR1R9Iie0St6s56sF+vd+pi3Zqx05hD9kfX5AwaElfY=</latexit>



Rotating black hole
If the string is in the equatorial plane,                   .

The torque is                                  .
Frolov et al  (!989)

Equal and opposite torque acts on the string:

n1

⌦
<latexit sha1_base64="kvQefFxyZ8YrUXir9fWK8/h4MqE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRizcr2A9oQtlsJ+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMMWyxRCSqG1KNgktsGW4EdlOFNA4FdsLx7czvPKHSPJGPZpJiENOh5BFn1FjJz/0wIv59jEM67Vdrbt2dg6wSryA1KNDsV7/8QcKyGKVhgmrd89zUBDlVhjOB04qfaUwpG9Mh9iyVNEYd5PObp+TMKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5eZ6DrIuUwzg5ItFkWZICYhswDIgCtkRkwsoUxxeythI6ooMzamig3BW355lbQv6p5b9x4ua42bIo4ynMApnIMHV9CAO2hCCxik8Ayv8OZkzovz7nwsWktOMXMMf+B8/gCyt5Fz</latexit><latexit sha1_base64="kvQefFxyZ8YrUXir9fWK8/h4MqE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRizcr2A9oQtlsJ+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMMWyxRCSqG1KNgktsGW4EdlOFNA4FdsLx7czvPKHSPJGPZpJiENOh5BFn1FjJz/0wIv59jEM67Vdrbt2dg6wSryA1KNDsV7/8QcKyGKVhgmrd89zUBDlVhjOB04qfaUwpG9Mh9iyVNEYd5PObp+TMKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5eZ6DrIuUwzg5ItFkWZICYhswDIgCtkRkwsoUxxeythI6ooMzamig3BW355lbQv6p5b9x4ua42bIo4ynMApnIMHV9CAO2hCCxik8Ayv8OZkzovz7nwsWktOMXMMf+B8/gCyt5Fz</latexit><latexit sha1_base64="kvQefFxyZ8YrUXir9fWK8/h4MqE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRizcr2A9oQtlsJ+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMMWyxRCSqG1KNgktsGW4EdlOFNA4FdsLx7czvPKHSPJGPZpJiENOh5BFn1FjJz/0wIv59jEM67Vdrbt2dg6wSryA1KNDsV7/8QcKyGKVhgmrd89zUBDlVhjOB04qfaUwpG9Mh9iyVNEYd5PObp+TMKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5eZ6DrIuUwzg5ItFkWZICYhswDIgCtkRkwsoUxxeythI6ooMzamig3BW355lbQv6p5b9x4ua42bIo4ynMApnIMHV9CAO2hCCxik8Ayv8OZkzovz7nwsWktOMXMMf+B8/gCyt5Fz</latexit><latexit sha1_base64="kvQefFxyZ8YrUXir9fWK8/h4MqE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRizcr2A9oQtlsJ+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMMWyxRCSqG1KNgktsGW4EdlOFNA4FdsLx7czvPKHSPJGPZpJiENOh5BFn1FjJz/0wIv59jEM67Vdrbt2dg6wSryA1KNDsV7/8QcKyGKVhgmrd89zUBDlVhjOB04qfaUwpG9Mh9iyVNEYd5PObp+TMKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5eZ6DrIuUwzg5ItFkWZICYhswDIgCtkRkwsoUxxeythI6ooMzamig3BW355lbQv6p5b9x4ua42bIo4ynMApnIMHV9CAO2hCCxik8Ayv8OZkzovz7nwsWktOMXMMf+B8/gCyt5Fz</latexit>

n2

! = n⇥ ṅ
<latexit sha1_base64="GDsAlGZ/VgMJ/TJgJMgw1B/2lzU=">AAACEXicbVDLSsNAFJ34rPUVdelmsAhdlUQE3QhFNy4r2Ac0oUymk3boZBJmboQS8gtu/BU3LhRx686df+M0zUJbLwyce8493LknSATX4Djf1srq2vrGZmWrur2zu7dvHxx2dJwqyto0FrHqBUQzwSVrAwfBeoliJAoE6waTm5nefWBK81jewzRhfkRGkoecEjDUwK5nXhBiL47YiORXRSNzD3jENM68YQwllQ/smtNwisLLwC1BDZXVGthfxk7TiEmggmjdd50E/Iwo4FSwvOqlmiWETsiI9Q2UxKz0s+KiHJ8aZojDWJknARfsb0dGIq2nUWAmIwJjvajNyP+0fgrhpZ9xmaTAJJ0vClOBIcazePCQK0ZBTA0gVHHzV0zHRBEKJsSqCcFdPHkZdM4artNw785rzesyjgo6Rieojlx0gZroFrVQG1H0iJ7RK3qznqwX6936mI+uWKXnCP0p6/MH2Dudpg==</latexit><latexit sha1_base64="GDsAlGZ/VgMJ/TJgJMgw1B/2lzU=">AAACEXicbVDLSsNAFJ34rPUVdelmsAhdlUQE3QhFNy4r2Ac0oUymk3boZBJmboQS8gtu/BU3LhRx686df+M0zUJbLwyce8493LknSATX4Djf1srq2vrGZmWrur2zu7dvHxx2dJwqyto0FrHqBUQzwSVrAwfBeoliJAoE6waTm5nefWBK81jewzRhfkRGkoecEjDUwK5nXhBiL47YiORXRSNzD3jENM68YQwllQ/smtNwisLLwC1BDZXVGthfxk7TiEmggmjdd50E/Iwo4FSwvOqlmiWETsiI9Q2UxKz0s+KiHJ8aZojDWJknARfsb0dGIq2nUWAmIwJjvajNyP+0fgrhpZ9xmaTAJJ0vClOBIcazePCQK0ZBTA0gVHHzV0zHRBEKJsSqCcFdPHkZdM4artNw785rzesyjgo6Rieojlx0gZroFrVQG1H0iJ7RK3qznqwX6936mI+uWKXnCP0p6/MH2Dudpg==</latexit><latexit sha1_base64="GDsAlGZ/VgMJ/TJgJMgw1B/2lzU=">AAACEXicbVDLSsNAFJ34rPUVdelmsAhdlUQE3QhFNy4r2Ac0oUymk3boZBJmboQS8gtu/BU3LhRx686df+M0zUJbLwyce8493LknSATX4Djf1srq2vrGZmWrur2zu7dvHxx2dJwqyto0FrHqBUQzwSVrAwfBeoliJAoE6waTm5nefWBK81jewzRhfkRGkoecEjDUwK5nXhBiL47YiORXRSNzD3jENM68YQwllQ/smtNwisLLwC1BDZXVGthfxk7TiEmggmjdd50E/Iwo4FSwvOqlmiWETsiI9Q2UxKz0s+KiHJ8aZojDWJknARfsb0dGIq2nUWAmIwJjvajNyP+0fgrhpZ9xmaTAJJ0vClOBIcazePCQK0ZBTA0gVHHzV0zHRBEKJsSqCcFdPHkZdM4artNw785rzesyjgo6Rieojlx0gZroFrVQG1H0iJ7RK3qznqwX6936mI+uWKXnCP0p6/MH2Dudpg==</latexit><latexit sha1_base64="GDsAlGZ/VgMJ/TJgJMgw1B/2lzU=">AAACEXicbVDLSsNAFJ34rPUVdelmsAhdlUQE3QhFNy4r2Ac0oUymk3boZBJmboQS8gtu/BU3LhRx686df+M0zUJbLwyce8493LknSATX4Djf1srq2vrGZmWrur2zu7dvHxx2dJwqyto0FrHqBUQzwSVrAwfBeoliJAoE6waTm5nefWBK81jewzRhfkRGkoecEjDUwK5nXhBiL47YiORXRSNzD3jENM68YQwllQ/smtNwisLLwC1BDZXVGthfxk7TiEmggmjdd50E/Iwo4FSwvOqlmiWETsiI9Q2UxKz0s+KiHJ8aZojDWJknARfsb0dGIq2nUWAmIwJjvajNyP+0fgrhpZ9xmaTAJJ0vClOBIcazePCQK0ZBTA0gVHHzV0zHRBEKJsSqCcFdPHkZdM4artNw785rzesyjgo6Rieojlx0gZroFrVQG1H0iJ7RK3qznqwX6936mI+uWKXnCP0p6/MH2Dudpg==</latexit> – angular velocity of the string.

M
<latexit sha1_base64="dUsH+zrMWrX3s/zoldid+dmUmUM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorNe775Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2k0eRxFO4BTOwYMrqMEd1KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AKUNjNE=</latexit><latexit sha1_base64="dUsH+zrMWrX3s/zoldid+dmUmUM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorNe775Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2k0eRxFO4BTOwYMrqMEd1KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AKUNjNE=</latexit><latexit sha1_base64="dUsH+zrMWrX3s/zoldid+dmUmUM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorNe775Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2k0eRxFO4BTOwYMrqMEd1KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AKUNjNE=</latexit><latexit sha1_base64="dUsH+zrMWrX3s/zoldid+dmUmUM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorNe775Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2k0eRxFO4BTOwYMrqMEd1KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AKUNjNE=</latexit>

` = 4R2⌦
<latexit sha1_base64="eVDkRFntqNnPEEfO/TCyqLb2etE=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lKQS9C0Ys3q9gPaGLZbCft0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FJxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqtx9BKhaLez1OwI/IQLCQUaKN1LNLHnB+Ubt7qHo3EQxIzy47FWcGvEzcnJRRjkbP/vL6MU0jEJpyolTXdRLtZ0RqRjlMil6qICF0RAbQNVSQCJSfzQ6f4BOj9HEYS1NC45n6eyIjkVLjKDCdEdFDtehNxf+8bqrDcz9jIkk1CDpfFKYc6xhPU8B9JoFqPjaEUMnMrZgOiSRUm6yKJgR38eVl0qpWXKfi3tbK9cs8jgI6QsfoFLnoDNXRNWqgJqIoRc/oFb1ZT9aL9W59zFtXrHzmEP2B9fkDr/eScg==</latexit><latexit sha1_base64="eVDkRFntqNnPEEfO/TCyqLb2etE=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lKQS9C0Ys3q9gPaGLZbCft0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FJxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqtx9BKhaLez1OwI/IQLCQUaKN1LNLHnB+Ubt7qHo3EQxIzy47FWcGvEzcnJRRjkbP/vL6MU0jEJpyolTXdRLtZ0RqRjlMil6qICF0RAbQNVSQCJSfzQ6f4BOj9HEYS1NC45n6eyIjkVLjKDCdEdFDtehNxf+8bqrDcz9jIkk1CDpfFKYc6xhPU8B9JoFqPjaEUMnMrZgOiSRUm6yKJgR38eVl0qpWXKfi3tbK9cs8jgI6QsfoFLnoDNXRNWqgJqIoRc/oFb1ZT9aL9W59zFtXrHzmEP2B9fkDr/eScg==</latexit><latexit sha1_base64="eVDkRFntqNnPEEfO/TCyqLb2etE=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lKQS9C0Ys3q9gPaGLZbCft0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FJxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqtx9BKhaLez1OwI/IQLCQUaKN1LNLHnB+Ubt7qHo3EQxIzy47FWcGvEzcnJRRjkbP/vL6MU0jEJpyolTXdRLtZ0RqRjlMil6qICF0RAbQNVSQCJSfzQ6f4BOj9HEYS1NC45n6eyIjkVLjKDCdEdFDtehNxf+8bqrDcz9jIkk1CDpfFKYc6xhPU8B9JoFqPjaEUMnMrZgOiSRUm6yKJgR38eVl0qpWXKfi3tbK9cs8jgI6QsfoFLnoDNXRNWqgJqIoRc/oFb1ZT9aL9W59zFtXrHzmEP2B9fkDr/eScg==</latexit><latexit sha1_base64="eVDkRFntqNnPEEfO/TCyqLb2etE=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lKQS9C0Ys3q9gPaGLZbCft0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FJxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqtx9BKhaLez1OwI/IQLCQUaKN1LNLHnB+Ubt7qHo3EQxIzy47FWcGvEzcnJRRjkbP/vL6MU0jEJpyolTXdRLtZ0RqRjlMil6qICF0RAbQNVSQCJSfzQ6f4BOj9HEYS1NC45n6eyIjkVLjKDCdEdFDtehNxf+8bqrDcz9jIkk1CDpfFKYc6xhPU8B9JoFqPjaEUMnMrZgOiSRUm6yKJgR38eVl0qpWXKfi3tbK9cs8jgI6QsfoFLnoDNXRNWqgJqIoRc/oFb1ZT9aL9W59zFtXrHzmEP2B9fkDr/eScg==</latexit>

Q = µ` = 4µR2⌦
<latexit sha1_base64="m8XwLdnnIesGxJ48dDpUMpBskis=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlphR0Uyi6cWcr9gKdsWTS0zY0mRmSjFBK3fgqblwo4ta3cOfbmLaz0NYfAh//OYeT8wcxZ0o7zreVWVldW9/Ibua2tnd29+z9g4aKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhlfTevMBpGJReKdHMfiC9EPWY5RoY3Xso1rZE4kHnJdLBvDtfdG7EdAnHTvvFJyZ8DK4KeRRqmrH/vK6EU0EhJpyolTbdWLtj4nUjHKY5LxEQUzokPShbTAkApQ/nl0wwafG6eJeJM0LNZ65vyfGRCg1EoHpFEQP1GJtav5Xaye6d+GPWRgnGkI6X9RLONYRnsaBu0wC1XxkgFDJzF8xHRBJqDah5UwI7uLJy9AoFlyn4NZK+cplGkcWHaMTdIZcdI4q6BpVUR1R9Iie0St6s56sF+vd+pi3Zqx05hD9kfX5AwaElfY=</latexit><latexit sha1_base64="m8XwLdnnIesGxJ48dDpUMpBskis=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlphR0Uyi6cWcr9gKdsWTS0zY0mRmSjFBK3fgqblwo4ta3cOfbmLaz0NYfAh//OYeT8wcxZ0o7zreVWVldW9/Ibua2tnd29+z9g4aKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhlfTevMBpGJReKdHMfiC9EPWY5RoY3Xso1rZE4kHnJdLBvDtfdG7EdAnHTvvFJyZ8DK4KeRRqmrH/vK6EU0EhJpyolTbdWLtj4nUjHKY5LxEQUzokPShbTAkApQ/nl0wwafG6eJeJM0LNZ65vyfGRCg1EoHpFEQP1GJtav5Xaye6d+GPWRgnGkI6X9RLONYRnsaBu0wC1XxkgFDJzF8xHRBJqDah5UwI7uLJy9AoFlyn4NZK+cplGkcWHaMTdIZcdI4q6BpVUR1R9Iie0St6s56sF+vd+pi3Zqx05hD9kfX5AwaElfY=</latexit><latexit sha1_base64="m8XwLdnnIesGxJ48dDpUMpBskis=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlphR0Uyi6cWcr9gKdsWTS0zY0mRmSjFBK3fgqblwo4ta3cOfbmLaz0NYfAh//OYeT8wcxZ0o7zreVWVldW9/Ibua2tnd29+z9g4aKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhlfTevMBpGJReKdHMfiC9EPWY5RoY3Xso1rZE4kHnJdLBvDtfdG7EdAnHTvvFJyZ8DK4KeRRqmrH/vK6EU0EhJpyolTbdWLtj4nUjHKY5LxEQUzokPShbTAkApQ/nl0wwafG6eJeJM0LNZ65vyfGRCg1EoHpFEQP1GJtav5Xaye6d+GPWRgnGkI6X9RLONYRnsaBu0wC1XxkgFDJzF8xHRBJqDah5UwI7uLJy9AoFlyn4NZK+cplGkcWHaMTdIZcdI4q6BpVUR1R9Iie0St6s56sF+vd+pi3Zqx05hD9kfX5AwaElfY=</latexit><latexit sha1_base64="m8XwLdnnIesGxJ48dDpUMpBskis=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlphR0Uyi6cWcr9gKdsWTS0zY0mRmSjFBK3fgqblwo4ta3cOfbmLaz0NYfAh//OYeT8wcxZ0o7zreVWVldW9/Ibua2tnd29+z9g4aKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhlfTevMBpGJReKdHMfiC9EPWY5RoY3Xso1rZE4kHnJdLBvDtfdG7EdAnHTvvFJyZ8DK4KeRRqmrH/vK6EU0EhJpyolTbdWLtj4nUjHKY5LxEQUzokPShbTAkApQ/nl0wwafG6eJeJM0LNZ65vyfGRCg1EoHpFEQP1GJtav5Xaye6d+GPWRgnGkI6X9RLONYRnsaBu0wC1XxkgFDJzF8xHRBJqDah5UwI7uLJy9AoFlyn4NZK+cplGkcWHaMTdIZcdI4q6BpVUR1R9Iie0St6s56sF+vd+pi3Zqx05hD9kfX5AwaElfY=</latexit>

Q = 4µR2[⌦� (n ·⌦)n� n⇥ ṅ]
<latexit sha1_base64="pXaMsa92wsyQKTOdzPQrshn86II="></latexit><latexit sha1_base64="pXaMsa92wsyQKTOdzPQrshn86II="></latexit><latexit sha1_base64="pXaMsa92wsyQKTOdzPQrshn86II="></latexit><latexit sha1_base64="pXaMsa92wsyQKTOdzPQrshn86II="></latexit>

<latexit sha1_base64="V3zRgJiiCN/zqvIC5jLvFLTWyfM=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kRMuAjYVFFPMByRH2NnuXNXu7x+6eEI78BxsLRWz9P3b+GzfJFZr4YODx3gwz84KEM21c99sprK1vbG4Vt0s7u3v7B+XDo7aWqSK0RSSXqhtgTTkTtGWY4bSbKIrjgNNOML6e+Z0nqjST4sFMEurHOBIsZAQbK7Vv+1GE7gflilt150CrxMtJBXI0B+Wv/lCSNKbCEI617nluYvwMK8MIp9NSP9U0wWSMI9qzVOCYaj+bXztFZ1YZolAqW8Kgufp7IsOx1pM4sJ0xNiO97M3E/7xeasIrP2MiSQ0VZLEoTDkyEs1eR0OmKDF8YgkmitlbERlhhYmxAZVsCN7yy6ukfVH16tXaXa3SqOVxFOEETuEcPLiEBtxAE1pA4BGe4RXeHOm8OO/Ox6K14OQzx/AHzucP0HWOmQ==</latexit>

L � R quasistationary



Rotating black hole
If the string is in the equatorial plane,                   .

The torque is                                  .
Frolov et al  (!989)

Equal and opposite torque acts on the string:

n1

⌦
<latexit sha1_base64="kvQefFxyZ8YrUXir9fWK8/h4MqE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRizcr2A9oQtlsJ+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMMWyxRCSqG1KNgktsGW4EdlOFNA4FdsLx7czvPKHSPJGPZpJiENOh5BFn1FjJz/0wIv59jEM67Vdrbt2dg6wSryA1KNDsV7/8QcKyGKVhgmrd89zUBDlVhjOB04qfaUwpG9Mh9iyVNEYd5PObp+TMKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5eZ6DrIuUwzg5ItFkWZICYhswDIgCtkRkwsoUxxeythI6ooMzamig3BW355lbQv6p5b9x4ua42bIo4ynMApnIMHV9CAO2hCCxik8Ayv8OZkzovz7nwsWktOMXMMf+B8/gCyt5Fz</latexit><latexit sha1_base64="kvQefFxyZ8YrUXir9fWK8/h4MqE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRizcr2A9oQtlsJ+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMMWyxRCSqG1KNgktsGW4EdlOFNA4FdsLx7czvPKHSPJGPZpJiENOh5BFn1FjJz/0wIv59jEM67Vdrbt2dg6wSryA1KNDsV7/8QcKyGKVhgmrd89zUBDlVhjOB04qfaUwpG9Mh9iyVNEYd5PObp+TMKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5eZ6DrIuUwzg5ItFkWZICYhswDIgCtkRkwsoUxxeythI6ooMzamig3BW355lbQv6p5b9x4ua42bIo4ynMApnIMHV9CAO2hCCxik8Ayv8OZkzovz7nwsWktOMXMMf+B8/gCyt5Fz</latexit><latexit sha1_base64="kvQefFxyZ8YrUXir9fWK8/h4MqE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRizcr2A9oQtlsJ+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMMWyxRCSqG1KNgktsGW4EdlOFNA4FdsLx7czvPKHSPJGPZpJiENOh5BFn1FjJz/0wIv59jEM67Vdrbt2dg6wSryA1KNDsV7/8QcKyGKVhgmrd89zUBDlVhjOB04qfaUwpG9Mh9iyVNEYd5PObp+TMKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5eZ6DrIuUwzg5ItFkWZICYhswDIgCtkRkwsoUxxeythI6ooMzamig3BW355lbQv6p5b9x4ua42bIo4ynMApnIMHV9CAO2hCCxik8Ayv8OZkzovz7nwsWktOMXMMf+B8/gCyt5Fz</latexit><latexit sha1_base64="kvQefFxyZ8YrUXir9fWK8/h4MqE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRizcr2A9oQtlsJ+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMMWyxRCSqG1KNgktsGW4EdlOFNA4FdsLx7czvPKHSPJGPZpJiENOh5BFn1FjJz/0wIv59jEM67Vdrbt2dg6wSryA1KNDsV7/8QcKyGKVhgmrd89zUBDlVhjOB04qfaUwpG9Mh9iyVNEYd5PObp+TMKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5eZ6DrIuUwzg5ItFkWZICYhswDIgCtkRkwsoUxxeythI6ooMzamig3BW355lbQv6p5b9x4ua42bIo4ynMApnIMHV9CAO2hCCxik8Ayv8OZkzovz7nwsWktOMXMMf+B8/gCyt5Fz</latexit>

n2

! = n⇥ ṅ
<latexit sha1_base64="GDsAlGZ/VgMJ/TJgJMgw1B/2lzU=">AAACEXicbVDLSsNAFJ34rPUVdelmsAhdlUQE3QhFNy4r2Ac0oUymk3boZBJmboQS8gtu/BU3LhRx686df+M0zUJbLwyce8493LknSATX4Djf1srq2vrGZmWrur2zu7dvHxx2dJwqyto0FrHqBUQzwSVrAwfBeoliJAoE6waTm5nefWBK81jewzRhfkRGkoecEjDUwK5nXhBiL47YiORXRSNzD3jENM68YQwllQ/smtNwisLLwC1BDZXVGthfxk7TiEmggmjdd50E/Iwo4FSwvOqlmiWETsiI9Q2UxKz0s+KiHJ8aZojDWJknARfsb0dGIq2nUWAmIwJjvajNyP+0fgrhpZ9xmaTAJJ0vClOBIcazePCQK0ZBTA0gVHHzV0zHRBEKJsSqCcFdPHkZdM4artNw785rzesyjgo6Rieojlx0gZroFrVQG1H0iJ7RK3qznqwX6936mI+uWKXnCP0p6/MH2Dudpg==</latexit><latexit sha1_base64="GDsAlGZ/VgMJ/TJgJMgw1B/2lzU=">AAACEXicbVDLSsNAFJ34rPUVdelmsAhdlUQE3QhFNy4r2Ac0oUymk3boZBJmboQS8gtu/BU3LhRx686df+M0zUJbLwyce8493LknSATX4Djf1srq2vrGZmWrur2zu7dvHxx2dJwqyto0FrHqBUQzwSVrAwfBeoliJAoE6waTm5nefWBK81jewzRhfkRGkoecEjDUwK5nXhBiL47YiORXRSNzD3jENM68YQwllQ/smtNwisLLwC1BDZXVGthfxk7TiEmggmjdd50E/Iwo4FSwvOqlmiWETsiI9Q2UxKz0s+KiHJ8aZojDWJknARfsb0dGIq2nUWAmIwJjvajNyP+0fgrhpZ9xmaTAJJ0vClOBIcazePCQK0ZBTA0gVHHzV0zHRBEKJsSqCcFdPHkZdM4artNw785rzesyjgo6Rieojlx0gZroFrVQG1H0iJ7RK3qznqwX6936mI+uWKXnCP0p6/MH2Dudpg==</latexit><latexit sha1_base64="GDsAlGZ/VgMJ/TJgJMgw1B/2lzU=">AAACEXicbVDLSsNAFJ34rPUVdelmsAhdlUQE3QhFNy4r2Ac0oUymk3boZBJmboQS8gtu/BU3LhRx686df+M0zUJbLwyce8493LknSATX4Djf1srq2vrGZmWrur2zu7dvHxx2dJwqyto0FrHqBUQzwSVrAwfBeoliJAoE6waTm5nefWBK81jewzRhfkRGkoecEjDUwK5nXhBiL47YiORXRSNzD3jENM68YQwllQ/smtNwisLLwC1BDZXVGthfxk7TiEmggmjdd50E/Iwo4FSwvOqlmiWETsiI9Q2UxKz0s+KiHJ8aZojDWJknARfsb0dGIq2nUWAmIwJjvajNyP+0fgrhpZ9xmaTAJJ0vClOBIcazePCQK0ZBTA0gVHHzV0zHRBEKJsSqCcFdPHkZdM4artNw785rzesyjgo6Rieojlx0gZroFrVQG1H0iJ7RK3qznqwX6936mI+uWKXnCP0p6/MH2Dudpg==</latexit><latexit sha1_base64="GDsAlGZ/VgMJ/TJgJMgw1B/2lzU=">AAACEXicbVDLSsNAFJ34rPUVdelmsAhdlUQE3QhFNy4r2Ac0oUymk3boZBJmboQS8gtu/BU3LhRx686df+M0zUJbLwyce8493LknSATX4Djf1srq2vrGZmWrur2zu7dvHxx2dJwqyto0FrHqBUQzwSVrAwfBeoliJAoE6waTm5nefWBK81jewzRhfkRGkoecEjDUwK5nXhBiL47YiORXRSNzD3jENM68YQwllQ/smtNwisLLwC1BDZXVGthfxk7TiEmggmjdd50E/Iwo4FSwvOqlmiWETsiI9Q2UxKz0s+KiHJ8aZojDWJknARfsb0dGIq2nUWAmIwJjvajNyP+0fgrhpZ9xmaTAJJ0vClOBIcazePCQK0ZBTA0gVHHzV0zHRBEKJsSqCcFdPHkZdM4artNw785rzesyjgo6Rieojlx0gZroFrVQG1H0iJ7RK3qznqwX6936mI+uWKXnCP0p6/MH2Dudpg==</latexit> – angular velocity of the string.

The loop loses all its energy at                                 .                                                   

For               :  ⌦ = 0
<latexit sha1_base64="A6ZTTP3hm+eGiDWdU9q58/6SSo4=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGKXrxZwX5AU8tmO2mX7iZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKHiEdcONwFaikMpAYDMYXk/85iMqzePo3owS7Ejaj3jIGTVWesj8ICT+rcQ+HV+63VLZrbhTkEXi5aQMOWrd0pffi1kqMTJMUK3bnpuYTkaV4UzguOinGhPKhrSPbUsjKlF3sunVY3JslR4JY2UrMmSq/p7IqNR6JAPbKakZ6HlvIv7ntVMTXnQyHiWpwYjNFoWpICYmkwhIjytkRowsoUxxeythA6ooMzaoog3Bm395kTROK55b8e7OytWrPI4CHMIRnIAH51CFG6hBHRgoeIZXeHOenBfn3fmYtS45+cwB/IHz+QOrL5H0</latexit><latexit sha1_base64="A6ZTTP3hm+eGiDWdU9q58/6SSo4=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGKXrxZwX5AU8tmO2mX7iZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKHiEdcONwFaikMpAYDMYXk/85iMqzePo3owS7Ejaj3jIGTVWesj8ICT+rcQ+HV+63VLZrbhTkEXi5aQMOWrd0pffi1kqMTJMUK3bnpuYTkaV4UzguOinGhPKhrSPbUsjKlF3sunVY3JslR4JY2UrMmSq/p7IqNR6JAPbKakZ6HlvIv7ntVMTXnQyHiWpwYjNFoWpICYmkwhIjytkRowsoUxxeythA6ooMzaoog3Bm395kTROK55b8e7OytWrPI4CHMIRnIAH51CFG6hBHRgoeIZXeHOenBfn3fmYtS45+cwB/IHz+QOrL5H0</latexit><latexit sha1_base64="A6ZTTP3hm+eGiDWdU9q58/6SSo4=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGKXrxZwX5AU8tmO2mX7iZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKHiEdcONwFaikMpAYDMYXk/85iMqzePo3owS7Ejaj3jIGTVWesj8ICT+rcQ+HV+63VLZrbhTkEXi5aQMOWrd0pffi1kqMTJMUK3bnpuYTkaV4UzguOinGhPKhrSPbUsjKlF3sunVY3JslR4JY2UrMmSq/p7IqNR6JAPbKakZ6HlvIv7ntVMTXnQyHiWpwYjNFoWpICYmkwhIjytkRowsoUxxeythA6ooMzaoog3Bm395kTROK55b8e7OytWrPI4CHMIRnIAH51CFG6hBHRgoeIZXeHOenBfn3fmYtS45+cwB/IHz+QOrL5H0</latexit><latexit sha1_base64="A6ZTTP3hm+eGiDWdU9q58/6SSo4=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGKXrxZwX5AU8tmO2mX7iZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKHiEdcONwFaikMpAYDMYXk/85iMqzePo3owS7Ejaj3jIGTVWesj8ICT+rcQ+HV+63VLZrbhTkEXi5aQMOWrd0pffi1kqMTJMUK3bnpuYTkaV4UzguOinGhPKhrSPbUsjKlF3sunVY3JslR4JY2UrMmSq/p7IqNR6JAPbKakZ6HlvIv7ntVMTXnQyHiWpwYjNFoWpICYmkwhIjytkRowsoUxxeythA6ooMzaoog3Bm395kTROK55b8e7OytWrPI4CHMIRnIAH51CFG6hBHRgoeIZXeHOenBfn3fmYtS45+cwB/IHz+QOrL5H0</latexit>

M
<latexit sha1_base64="dUsH+zrMWrX3s/zoldid+dmUmUM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorNe775Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2k0eRxFO4BTOwYMrqMEd1KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AKUNjNE=</latexit><latexit sha1_base64="dUsH+zrMWrX3s/zoldid+dmUmUM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorNe775Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2k0eRxFO4BTOwYMrqMEd1KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AKUNjNE=</latexit><latexit sha1_base64="dUsH+zrMWrX3s/zoldid+dmUmUM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorNe775Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2k0eRxFO4BTOwYMrqMEd1KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AKUNjNE=</latexit><latexit sha1_base64="dUsH+zrMWrX3s/zoldid+dmUmUM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorNe775Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2k0eRxFO4BTOwYMrqMEd1KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AKUNjNE=</latexit>

Ė = Q1 · !1 +Q2 · !2
<latexit sha1_base64="kjRhsTm2wlmEboPmJHD9eDFE4o0=">AAACH3icbZDLSgMxFIYzXmu9jbp0EyyCIJRJEXUjFEVw2YK9QKcMmTTThmYmQ5IRyjBv4sZXceNCEXHXtzFtR6itPwR+vnMOJ+f3Y86UdpyxtbK6tr6xWdgqbu/s7u3bB4dNJRJJaIMILmTbx4pyFtGGZprTdiwpDn1OW/7wblJvPVGpmIge9Sim3RD3IxYwgrVBnn2Zuj2h4X12k7p+AOuZh1xiiCtC2sceOv/FlXlc8eySU3amgssG5aYEctU8+9vsIUlII004VqqDnFh3Uyw1I5xmRTdRNMZkiPu0Y2yEQ6q66fS+DJ4a0oOBkOZFGk7p/ESKQ6VGoW86Q6wHarE2gf/VOokOrrspi+JE04jMFgUJh1rASViwxyQlmo+MwUQy81dIBlhiok2kRRMCWjx52TQrZeSUUf2iVL3N4yiAY3ACzgACV6AKHkANNAABz+AVvIMP68V6sz6tr1nripXPHIE/ssY/Gl2iYQ==</latexit><latexit sha1_base64="kjRhsTm2wlmEboPmJHD9eDFE4o0=">AAACH3icbZDLSgMxFIYzXmu9jbp0EyyCIJRJEXUjFEVw2YK9QKcMmTTThmYmQ5IRyjBv4sZXceNCEXHXtzFtR6itPwR+vnMOJ+f3Y86UdpyxtbK6tr6xWdgqbu/s7u3bB4dNJRJJaIMILmTbx4pyFtGGZprTdiwpDn1OW/7wblJvPVGpmIge9Sim3RD3IxYwgrVBnn2Zuj2h4X12k7p+AOuZh1xiiCtC2sceOv/FlXlc8eySU3amgssG5aYEctU8+9vsIUlII004VqqDnFh3Uyw1I5xmRTdRNMZkiPu0Y2yEQ6q66fS+DJ4a0oOBkOZFGk7p/ESKQ6VGoW86Q6wHarE2gf/VOokOrrspi+JE04jMFgUJh1rASViwxyQlmo+MwUQy81dIBlhiok2kRRMCWjx52TQrZeSUUf2iVL3N4yiAY3ACzgACV6AKHkANNAABz+AVvIMP68V6sz6tr1nripXPHIE/ssY/Gl2iYQ==</latexit><latexit sha1_base64="kjRhsTm2wlmEboPmJHD9eDFE4o0=">AAACH3icbZDLSgMxFIYzXmu9jbp0EyyCIJRJEXUjFEVw2YK9QKcMmTTThmYmQ5IRyjBv4sZXceNCEXHXtzFtR6itPwR+vnMOJ+f3Y86UdpyxtbK6tr6xWdgqbu/s7u3bB4dNJRJJaIMILmTbx4pyFtGGZprTdiwpDn1OW/7wblJvPVGpmIge9Sim3RD3IxYwgrVBnn2Zuj2h4X12k7p+AOuZh1xiiCtC2sceOv/FlXlc8eySU3amgssG5aYEctU8+9vsIUlII004VqqDnFh3Uyw1I5xmRTdRNMZkiPu0Y2yEQ6q66fS+DJ4a0oOBkOZFGk7p/ESKQ6VGoW86Q6wHarE2gf/VOokOrrspi+JE04jMFgUJh1rASViwxyQlmo+MwUQy81dIBlhiok2kRRMCWjx52TQrZeSUUf2iVL3N4yiAY3ACzgACV6AKHkANNAABz+AVvIMP68V6sz6tr1nripXPHIE/ssY/Gl2iYQ==</latexit><latexit sha1_base64="kjRhsTm2wlmEboPmJHD9eDFE4o0=">AAACH3icbZDLSgMxFIYzXmu9jbp0EyyCIJRJEXUjFEVw2YK9QKcMmTTThmYmQ5IRyjBv4sZXceNCEXHXtzFtR6itPwR+vnMOJ+f3Y86UdpyxtbK6tr6xWdgqbu/s7u3bB4dNJRJJaIMILmTbx4pyFtGGZprTdiwpDn1OW/7wblJvPVGpmIge9Sim3RD3IxYwgrVBnn2Zuj2h4X12k7p+AOuZh1xiiCtC2sceOv/FlXlc8eySU3amgssG5aYEctU8+9vsIUlII004VqqDnFh3Uyw1I5xmRTdRNMZkiPu0Y2yEQ6q66fS+DJ4a0oOBkOZFGk7p/ESKQ6VGoW86Q6wHarE2gf/VOokOrrspi+JE04jMFgUJh1rASViwxyQlmo+MwUQy81dIBlhiok2kRRMCWjx52TQrZeSUUf2iVL3N4yiAY3ACzgACV6AKHkANNAABz+AVvIMP68V6sz6tr1nripXPHIE/ssY/Gl2iYQ==</latexit>

Rate of energy change:

` = 4R2⌦
<latexit sha1_base64="eVDkRFntqNnPEEfO/TCyqLb2etE=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lKQS9C0Ys3q9gPaGLZbCft0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FJxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqtx9BKhaLez1OwI/IQLCQUaKN1LNLHnB+Ubt7qHo3EQxIzy47FWcGvEzcnJRRjkbP/vL6MU0jEJpyolTXdRLtZ0RqRjlMil6qICF0RAbQNVSQCJSfzQ6f4BOj9HEYS1NC45n6eyIjkVLjKDCdEdFDtehNxf+8bqrDcz9jIkk1CDpfFKYc6xhPU8B9JoFqPjaEUMnMrZgOiSRUm6yKJgR38eVl0qpWXKfi3tbK9cs8jgI6QsfoFLnoDNXRNWqgJqIoRc/oFb1ZT9aL9W59zFtXrHzmEP2B9fkDr/eScg==</latexit><latexit sha1_base64="eVDkRFntqNnPEEfO/TCyqLb2etE=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lKQS9C0Ys3q9gPaGLZbCft0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FJxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqtx9BKhaLez1OwI/IQLCQUaKN1LNLHnB+Ubt7qHo3EQxIzy47FWcGvEzcnJRRjkbP/vL6MU0jEJpyolTXdRLtZ0RqRjlMil6qICF0RAbQNVSQCJSfzQ6f4BOj9HEYS1NC45n6eyIjkVLjKDCdEdFDtehNxf+8bqrDcz9jIkk1CDpfFKYc6xhPU8B9JoFqPjaEUMnMrZgOiSRUm6yKJgR38eVl0qpWXKfi3tbK9cs8jgI6QsfoFLnoDNXRNWqgJqIoRc/oFb1ZT9aL9W59zFtXrHzmEP2B9fkDr/eScg==</latexit><latexit sha1_base64="eVDkRFntqNnPEEfO/TCyqLb2etE=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lKQS9C0Ys3q9gPaGLZbCft0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FJxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqtx9BKhaLez1OwI/IQLCQUaKN1LNLHnB+Ubt7qHo3EQxIzy47FWcGvEzcnJRRjkbP/vL6MU0jEJpyolTXdRLtZ0RqRjlMil6qICF0RAbQNVSQCJSfzQ6f4BOj9HEYS1NC45n6eyIjkVLjKDCdEdFDtehNxf+8bqrDcz9jIkk1CDpfFKYc6xhPU8B9JoFqPjaEUMnMrZgOiSRUm6yKJgR38eVl0qpWXKfi3tbK9cs8jgI6QsfoFLnoDNXRNWqgJqIoRc/oFb1ZT9aL9W59zFtXrHzmEP2B9fkDr/eScg==</latexit><latexit sha1_base64="eVDkRFntqNnPEEfO/TCyqLb2etE=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lKQS9C0Ys3q9gPaGLZbCft0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FJxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6Grqtx9BKhaLez1OwI/IQLCQUaKN1LNLHnB+Ubt7qHo3EQxIzy47FWcGvEzcnJRRjkbP/vL6MU0jEJpyolTXdRLtZ0RqRjlMil6qICF0RAbQNVSQCJSfzQ6f4BOj9HEYS1NC45n6eyIjkVLjKDCdEdFDtehNxf+8bqrDcz9jIkk1CDpfFKYc6xhPU8B9JoFqPjaEUMnMrZgOiSRUm6yKJgR38eVl0qpWXKfi3tbK9cs8jgI6QsfoFLnoDNXRNWqgJqIoRc/oFb1ZT9aL9W59zFtXrHzmEP2B9fkDr/eScg==</latexit>

Q = µ` = 4µR2⌦
<latexit sha1_base64="m8XwLdnnIesGxJ48dDpUMpBskis=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlphR0Uyi6cWcr9gKdsWTS0zY0mRmSjFBK3fgqblwo4ta3cOfbmLaz0NYfAh//OYeT8wcxZ0o7zreVWVldW9/Ibua2tnd29+z9g4aKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhlfTevMBpGJReKdHMfiC9EPWY5RoY3Xso1rZE4kHnJdLBvDtfdG7EdAnHTvvFJyZ8DK4KeRRqmrH/vK6EU0EhJpyolTbdWLtj4nUjHKY5LxEQUzokPShbTAkApQ/nl0wwafG6eJeJM0LNZ65vyfGRCg1EoHpFEQP1GJtav5Xaye6d+GPWRgnGkI6X9RLONYRnsaBu0wC1XxkgFDJzF8xHRBJqDah5UwI7uLJy9AoFlyn4NZK+cplGkcWHaMTdIZcdI4q6BpVUR1R9Iie0St6s56sF+vd+pi3Zqx05hD9kfX5AwaElfY=</latexit><latexit sha1_base64="m8XwLdnnIesGxJ48dDpUMpBskis=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlphR0Uyi6cWcr9gKdsWTS0zY0mRmSjFBK3fgqblwo4ta3cOfbmLaz0NYfAh//OYeT8wcxZ0o7zreVWVldW9/Ibua2tnd29+z9g4aKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhlfTevMBpGJReKdHMfiC9EPWY5RoY3Xso1rZE4kHnJdLBvDtfdG7EdAnHTvvFJyZ8DK4KeRRqmrH/vK6EU0EhJpyolTbdWLtj4nUjHKY5LxEQUzokPShbTAkApQ/nl0wwafG6eJeJM0LNZ65vyfGRCg1EoHpFEQP1GJtav5Xaye6d+GPWRgnGkI6X9RLONYRnsaBu0wC1XxkgFDJzF8xHRBJqDah5UwI7uLJy9AoFlyn4NZK+cplGkcWHaMTdIZcdI4q6BpVUR1R9Iie0St6s56sF+vd+pi3Zqx05hD9kfX5AwaElfY=</latexit><latexit sha1_base64="m8XwLdnnIesGxJ48dDpUMpBskis=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlphR0Uyi6cWcr9gKdsWTS0zY0mRmSjFBK3fgqblwo4ta3cOfbmLaz0NYfAh//OYeT8wcxZ0o7zreVWVldW9/Ibua2tnd29+z9g4aKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhlfTevMBpGJReKdHMfiC9EPWY5RoY3Xso1rZE4kHnJdLBvDtfdG7EdAnHTvvFJyZ8DK4KeRRqmrH/vK6EU0EhJpyolTbdWLtj4nUjHKY5LxEQUzokPShbTAkApQ/nl0wwafG6eJeJM0LNZ65vyfGRCg1EoHpFEQP1GJtav5Xaye6d+GPWRgnGkI6X9RLONYRnsaBu0wC1XxkgFDJzF8xHRBJqDah5UwI7uLJy9AoFlyn4NZK+cplGkcWHaMTdIZcdI4q6BpVUR1R9Iie0St6s56sF+vd+pi3Zqx05hD9kfX5AwaElfY=</latexit><latexit sha1_base64="m8XwLdnnIesGxJ48dDpUMpBskis=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlphR0Uyi6cWcr9gKdsWTS0zY0mRmSjFBK3fgqblwo4ta3cOfbmLaz0NYfAh//OYeT8wcxZ0o7zreVWVldW9/Ibua2tnd29+z9g4aKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhlfTevMBpGJReKdHMfiC9EPWY5RoY3Xso1rZE4kHnJdLBvDtfdG7EdAnHTvvFJyZ8DK4KeRRqmrH/vK6EU0EhJpyolTbdWLtj4nUjHKY5LxEQUzokPShbTAkApQ/nl0wwafG6eJeJM0LNZ65vyfGRCg1EoHpFEQP1GJtav5Xaye6d+GPWRgnGkI6X9RLONYRnsaBu0wC1XxkgFDJzF8xHRBJqDah5UwI7uLJy9AoFlyn4NZK+cplGkcWHaMTdIZcdI4q6BpVUR1R9Iie0St6s56sF+vd+pi3Zqx05hD9kfX5AwaElfY=</latexit>

Q = 4µR2[⌦� (n ·⌦)n� n⇥ ṅ]
<latexit sha1_base64="pXaMsa92wsyQKTOdzPQrshn86II="></latexit><latexit sha1_base64="pXaMsa92wsyQKTOdzPQrshn86II="></latexit><latexit sha1_base64="pXaMsa92wsyQKTOdzPQrshn86II="></latexit><latexit sha1_base64="pXaMsa92wsyQKTOdzPQrshn86II="></latexit>

<latexit sha1_base64="V35DW+8bu0nZewDmHQR/To3UARw=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARWsQyMxR1IxRFcFnFXqAzLZk0bUOTmSHJCGXoM7jxVdy4UMStK3e+jWk7C239IfDxn3OSnN+PGJXKsr6NzNLyyupadj23sbm1vWPu7tVlGAtMajhkoWj6SBJGA1JTVDHSjARB3Gek4Q+vJvXGAxGShsG9GkXE46gf0B7FSGmrYxYTtxsqeD2+OCm7PIZ3bafghpz0UcduO8cpOm2n2DHzVsmaCi6CnUIepKp2zC99NY45CRRmSMqWbUXKS5BQFDMyzrmxJBHCQ9QnLY0B4kR6yXSlMTzSThf2QqFPoODU/T2RIC7liPu6kyM1kPO1iflfrRWr3rmX0CCKFQnw7KFezKAK4SQf2KWCYMVGGhAWVP8V4gESCCudYk6HYM+vvAh1p2Sflsq35XzlMo0jCw7AISgAG5yBCrgBVVADGDyCZ/AK3own48V4Nz5mrRkjndkHf2R8/gDY8puz</latexit>

Ė = �4µR2(!2
1 + !2

2)
<latexit sha1_base64="vesc4fNcybNRdN+DMzsg9hOXm2o=">AAAB+3icbVC7TsMwFHV4lvIKZWSxqJCYSlIqYKxgYehQEH1ITVo5rpNatZ3IdhBV1V9hYQAhVn6Ejb/BbTNAy5GudHTOvbr3niBhVGnH+bZWVtfWNzZzW/ntnd29ffug0FRxKjFp4JjFsh0gRRgVpKGpZqSdSIJ4wEgrGN5M/dYjkYrG4kGPEuJzFAkaUoy0kXp2QXuKcljrnp/dd8teFMFazy46JWcGuEzcjBRBhnrP/vL6MU45ERozpFTHdRLtj5HUFDMyyXupIgnCQxSRjqECcaL88ez2CTwxSh+GsTQlNJypvyfGiCs14oHp5EgP1KI3Ff/zOqkOr/wxFUmqicDzRWHKoI7hNAjYp5JgzUaGICypuRXiAZIIaxNX3oTgLr68TJrlkntRqtxVitXrLI4cOALH4BS44BJUwS2ogwbA4Ak8g1fwZk2sF+vd+pi3rljZzCH4A+vzBwbfkyU=</latexit>

t ⇠ L3/R2 � L Horizon friction

<latexit sha1_base64="V3zRgJiiCN/zqvIC5jLvFLTWyfM=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kRMuAjYVFFPMByRH2NnuXNXu7x+6eEI78BxsLRWz9P3b+GzfJFZr4YODx3gwz84KEM21c99sprK1vbG4Vt0s7u3v7B+XDo7aWqSK0RSSXqhtgTTkTtGWY4bSbKIrjgNNOML6e+Z0nqjST4sFMEurHOBIsZAQbK7Vv+1GE7gflilt150CrxMtJBXI0B+Wv/lCSNKbCEI617nluYvwMK8MIp9NSP9U0wWSMI9qzVOCYaj+bXztFZ1YZolAqW8Kgufp7IsOx1pM4sJ0xNiO97M3E/7xeasIrP2MiSQ0VZLEoTDkyEs1eR0OmKDF8YgkmitlbERlhhYmxAZVsCN7yy6ukfVH16tXaXa3SqOVxFOEETuEcPLiEBtxAE1pA4BGe4RXeHOm8OO/Ox6K14OQzx/AHzucP0HWOmQ==</latexit>

L � R quasistationary



Loop orbit evolves slowly compared to the oscillation period.

This can be described as slow deformation of the auxiliary curve.

a(�)
<latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit><latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit><latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit><latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit>

Averaged over oscillation period:

v(�) =
8R2

L
[a0(�)⇥⌦+ a00(�)]

<latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit>



a(�)
<latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit><latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit><latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit><latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit>

Averaged over oscillation period:

For              :⌦ = 0
<latexit sha1_base64="A6ZTTP3hm+eGiDWdU9q58/6SSo4=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGKXrxZwX5AU8tmO2mX7iZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKHiEdcONwFaikMpAYDMYXk/85iMqzePo3owS7Ejaj3jIGTVWesj8ICT+rcQ+HV+63VLZrbhTkEXi5aQMOWrd0pffi1kqMTJMUK3bnpuYTkaV4UzguOinGhPKhrSPbUsjKlF3sunVY3JslR4JY2UrMmSq/p7IqNR6JAPbKakZ6HlvIv7ntVMTXnQyHiWpwYjNFoWpICYmkwhIjytkRowsoUxxeythA6ooMzaoog3Bm395kTROK55b8e7OytWrPI4CHMIRnIAH51CFG6hBHRgoeIZXeHOenBfn3fmYtS45+cwB/IHz+QOrL5H0</latexit><latexit sha1_base64="A6ZTTP3hm+eGiDWdU9q58/6SSo4=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGKXrxZwX5AU8tmO2mX7iZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKHiEdcONwFaikMpAYDMYXk/85iMqzePo3owS7Ejaj3jIGTVWesj8ICT+rcQ+HV+63VLZrbhTkEXi5aQMOWrd0pffi1kqMTJMUK3bnpuYTkaV4UzguOinGhPKhrSPbUsjKlF3sunVY3JslR4JY2UrMmSq/p7IqNR6JAPbKakZ6HlvIv7ntVMTXnQyHiWpwYjNFoWpICYmkwhIjytkRowsoUxxeythA6ooMzaoog3Bm395kTROK55b8e7OytWrPI4CHMIRnIAH51CFG6hBHRgoeIZXeHOenBfn3fmYtS45+cwB/IHz+QOrL5H0</latexit><latexit sha1_base64="A6ZTTP3hm+eGiDWdU9q58/6SSo4=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGKXrxZwX5AU8tmO2mX7iZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKHiEdcONwFaikMpAYDMYXk/85iMqzePo3owS7Ejaj3jIGTVWesj8ICT+rcQ+HV+63VLZrbhTkEXi5aQMOWrd0pffi1kqMTJMUK3bnpuYTkaV4UzguOinGhPKhrSPbUsjKlF3sunVY3JslR4JY2UrMmSq/p7IqNR6JAPbKakZ6HlvIv7ntVMTXnQyHiWpwYjNFoWpICYmkwhIjytkRowsoUxxeythA6ooMzaoog3Bm395kTROK55b8e7OytWrPI4CHMIRnIAH51CFG6hBHRgoeIZXeHOenBfn3fmYtS45+cwB/IHz+QOrL5H0</latexit><latexit sha1_base64="A6ZTTP3hm+eGiDWdU9q58/6SSo4=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGKXrxZwX5AU8tmO2mX7iZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKHiEdcONwFaikMpAYDMYXk/85iMqzePo3owS7Ejaj3jIGTVWesj8ICT+rcQ+HV+63VLZrbhTkEXi5aQMOWrd0pffi1kqMTJMUK3bnpuYTkaV4UzguOinGhPKhrSPbUsjKlF3sunVY3JslR4JY2UrMmSq/p7IqNR6JAPbKakZ6HlvIv7ntVMTXnQyHiWpwYjNFoWpICYmkwhIjytkRowsoUxxeythA6ooMzaoog3Bm395kTROK55b8e7OytWrPI4CHMIRnIAH51CFG6hBHRgoeIZXeHOenBfn3fmYtS45+cwB/IHz+QOrL5H0</latexit>

v(�) / a00(�)
<latexit sha1_base64="AVrA1ktFBm1937eC8EdJ9+BKmeE=">AAACEXicbVDLSgMxFM34rPU16tJNsEjrpsyIoMuiG5cV7AM6Q8mkmTY0mQxJplCG+QU3/oobF4q4defOvzGdjqCtBwKHc+7l5pwgZlRpx/myVlbX1jc2S1vl7Z3dvX374LCtRCIxaWHBhOwGSBFGI9LSVDPSjSVBPGCkE4xvZn5nQqSiIrrX05j4HA0jGlKMtJH6di31ghBOspqn6JCjMy+WItYC5jLKqtUfo29XnLqTAy4TtyAVUKDZtz+9gcAJJ5HGDCnVc51Y+ymSmmJGsrKXKBIjPEZD0jM0QpwoP80TZfDUKAMYCmlepGGu/t5IEVdqygMzyZEeqUVvJv7n9RIdXvkpjeJEkwjPD4UJgybyrB44oJJgzaaGICyp+SvEIyQR1qbEsinBXYy8TNrnddepu3cXlcZ1UUcJHIMTUAMuuAQNcAuaoAUweABP4AW8Wo/Ws/Vmvc9HV6xi5wj8gfXxDf4KnHQ=</latexit><latexit sha1_base64="AVrA1ktFBm1937eC8EdJ9+BKmeE=">AAACEXicbVDLSgMxFM34rPU16tJNsEjrpsyIoMuiG5cV7AM6Q8mkmTY0mQxJplCG+QU3/oobF4q4defOvzGdjqCtBwKHc+7l5pwgZlRpx/myVlbX1jc2S1vl7Z3dvX374LCtRCIxaWHBhOwGSBFGI9LSVDPSjSVBPGCkE4xvZn5nQqSiIrrX05j4HA0jGlKMtJH6di31ghBOspqn6JCjMy+WItYC5jLKqtUfo29XnLqTAy4TtyAVUKDZtz+9gcAJJ5HGDCnVc51Y+ymSmmJGsrKXKBIjPEZD0jM0QpwoP80TZfDUKAMYCmlepGGu/t5IEVdqygMzyZEeqUVvJv7n9RIdXvkpjeJEkwjPD4UJgybyrB44oJJgzaaGICyp+SvEIyQR1qbEsinBXYy8TNrnddepu3cXlcZ1UUcJHIMTUAMuuAQNcAuaoAUweABP4AW8Wo/Ws/Vmvc9HV6xi5wj8gfXxDf4KnHQ=</latexit><latexit sha1_base64="AVrA1ktFBm1937eC8EdJ9+BKmeE=">AAACEXicbVDLSgMxFM34rPU16tJNsEjrpsyIoMuiG5cV7AM6Q8mkmTY0mQxJplCG+QU3/oobF4q4defOvzGdjqCtBwKHc+7l5pwgZlRpx/myVlbX1jc2S1vl7Z3dvX374LCtRCIxaWHBhOwGSBFGI9LSVDPSjSVBPGCkE4xvZn5nQqSiIrrX05j4HA0jGlKMtJH6di31ghBOspqn6JCjMy+WItYC5jLKqtUfo29XnLqTAy4TtyAVUKDZtz+9gcAJJ5HGDCnVc51Y+ymSmmJGsrKXKBIjPEZD0jM0QpwoP80TZfDUKAMYCmlepGGu/t5IEVdqygMzyZEeqUVvJv7n9RIdXvkpjeJEkwjPD4UJgybyrB44oJJgzaaGICyp+SvEIyQR1qbEsinBXYy8TNrnddepu3cXlcZ1UUcJHIMTUAMuuAQNcAuaoAUweABP4AW8Wo/Ws/Vmvc9HV6xi5wj8gfXxDf4KnHQ=</latexit><latexit sha1_base64="AVrA1ktFBm1937eC8EdJ9+BKmeE=">AAACEXicbVDLSgMxFM34rPU16tJNsEjrpsyIoMuiG5cV7AM6Q8mkmTY0mQxJplCG+QU3/oobF4q4defOvzGdjqCtBwKHc+7l5pwgZlRpx/myVlbX1jc2S1vl7Z3dvX374LCtRCIxaWHBhOwGSBFGI9LSVDPSjSVBPGCkE4xvZn5nQqSiIrrX05j4HA0jGlKMtJH6di31ghBOspqn6JCjMy+WItYC5jLKqtUfo29XnLqTAy4TtyAVUKDZtz+9gcAJJ5HGDCnVc51Y+ymSmmJGsrKXKBIjPEZD0jM0QpwoP80TZfDUKAMYCmlepGGu/t5IEVdqygMzyZEeqUVvJv7n9RIdXvkpjeJEkwjPD4UJgybyrB44oJJgzaaGICyp+SvEIyQR1qbEsinBXYy8TNrnddepu3cXlcZ1UUcJHIMTUAMuuAQNcAuaoAUweABP4AW8Wo/Ws/Vmvc9HV6xi5wj8gfXxDf4KnHQ=</latexit>

Shrinking circle

Curve shortening flow
Gage (!984), Gage & Hamilton (1986), …

v(�) =
8R2

L
[a0(�)⇥⌦+ a00(�)]

<latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit>

In the end the loop is swallowed by the BH.

Loop orbit evolves slowly compared to the oscillation period.

This can be described as slow deformation of the auxiliary curve.



a(�)
<latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit><latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit><latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit><latexit sha1_base64="rc4w5IFij62N6RHdxnHwuHFRvp4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoigh6LXjxWsB/QhDLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8q7uFRWyeZIrRFEp6obgSaciZpyzDDaTdVFETEaSca3878ziNVmiXywUxSGgoYShYzAsZKfbeSB1GMYVoLNBsKOO+7Va/uzYFXiV+QKirQ7LtfwSAhmaDSEA5a93wvNWEOyjDC6bQcZJqmQMYwpD1LJQiqw3x++BSfWWWA40TZkgbP1d8TOQitJyKynQLMSC97M/E/r5eZ+DrMmUwzQyVZLIozjk2CZyngAVOUGD6xBIhi9lZMRqCAGJtV2YbgL7+8StoXdd+r+/eX1cZNEUcJnaBTVEM+ukINdIeaqIUIytAzekVvzpPz4rw7H4vWNaeYOUZ/4Hz+APJCkpw=</latexit>

For              :⌦ = 0
<latexit sha1_base64="A6ZTTP3hm+eGiDWdU9q58/6SSo4=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGKXrxZwX5AU8tmO2mX7iZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKHiEdcONwFaikMpAYDMYXk/85iMqzePo3owS7Ejaj3jIGTVWesj8ICT+rcQ+HV+63VLZrbhTkEXi5aQMOWrd0pffi1kqMTJMUK3bnpuYTkaV4UzguOinGhPKhrSPbUsjKlF3sunVY3JslR4JY2UrMmSq/p7IqNR6JAPbKakZ6HlvIv7ntVMTXnQyHiWpwYjNFoWpICYmkwhIjytkRowsoUxxeythA6ooMzaoog3Bm395kTROK55b8e7OytWrPI4CHMIRnIAH51CFG6hBHRgoeIZXeHOenBfn3fmYtS45+cwB/IHz+QOrL5H0</latexit><latexit sha1_base64="A6ZTTP3hm+eGiDWdU9q58/6SSo4=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGKXrxZwX5AU8tmO2mX7iZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKHiEdcONwFaikMpAYDMYXk/85iMqzePo3owS7Ejaj3jIGTVWesj8ICT+rcQ+HV+63VLZrbhTkEXi5aQMOWrd0pffi1kqMTJMUK3bnpuYTkaV4UzguOinGhPKhrSPbUsjKlF3sunVY3JslR4JY2UrMmSq/p7IqNR6JAPbKakZ6HlvIv7ntVMTXnQyHiWpwYjNFoWpICYmkwhIjytkRowsoUxxeythA6ooMzaoog3Bm395kTROK55b8e7OytWrPI4CHMIRnIAH51CFG6hBHRgoeIZXeHOenBfn3fmYtS45+cwB/IHz+QOrL5H0</latexit><latexit sha1_base64="A6ZTTP3hm+eGiDWdU9q58/6SSo4=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGKXrxZwX5AU8tmO2mX7iZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKHiEdcONwFaikMpAYDMYXk/85iMqzePo3owS7Ejaj3jIGTVWesj8ICT+rcQ+HV+63VLZrbhTkEXi5aQMOWrd0pffi1kqMTJMUK3bnpuYTkaV4UzguOinGhPKhrSPbUsjKlF3sunVY3JslR4JY2UrMmSq/p7IqNR6JAPbKakZ6HlvIv7ntVMTXnQyHiWpwYjNFoWpICYmkwhIjytkRowsoUxxeythA6ooMzaoog3Bm395kTROK55b8e7OytWrPI4CHMIRnIAH51CFG6hBHRgoeIZXeHOenBfn3fmYtS45+cwB/IHz+QOrL5H0</latexit><latexit sha1_base64="A6ZTTP3hm+eGiDWdU9q58/6SSo4=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGKXrxZwX5AU8tmO2mX7iZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKHiEdcONwFaikMpAYDMYXk/85iMqzePo3owS7Ejaj3jIGTVWesj8ICT+rcQ+HV+63VLZrbhTkEXi5aQMOWrd0pffi1kqMTJMUK3bnpuYTkaV4UzguOinGhPKhrSPbUsjKlF3sunVY3JslR4JY2UrMmSq/p7IqNR6JAPbKakZ6HlvIv7ntVMTXnQyHiWpwYjNFoWpICYmkwhIjytkRowsoUxxeythA6ooMzaoog3Bm395kTROK55b8e7OytWrPI4CHMIRnIAH51CFG6hBHRgoeIZXeHOenBfn3fmYtS45+cwB/IHz+QOrL5H0</latexit>

v(�) / a00(�)
<latexit sha1_base64="AVrA1ktFBm1937eC8EdJ9+BKmeE=">AAACEXicbVDLSgMxFM34rPU16tJNsEjrpsyIoMuiG5cV7AM6Q8mkmTY0mQxJplCG+QU3/oobF4q4defOvzGdjqCtBwKHc+7l5pwgZlRpx/myVlbX1jc2S1vl7Z3dvX374LCtRCIxaWHBhOwGSBFGI9LSVDPSjSVBPGCkE4xvZn5nQqSiIrrX05j4HA0jGlKMtJH6di31ghBOspqn6JCjMy+WItYC5jLKqtUfo29XnLqTAy4TtyAVUKDZtz+9gcAJJ5HGDCnVc51Y+ymSmmJGsrKXKBIjPEZD0jM0QpwoP80TZfDUKAMYCmlepGGu/t5IEVdqygMzyZEeqUVvJv7n9RIdXvkpjeJEkwjPD4UJgybyrB44oJJgzaaGICyp+SvEIyQR1qbEsinBXYy8TNrnddepu3cXlcZ1UUcJHIMTUAMuuAQNcAuaoAUweABP4AW8Wo/Ws/Vmvc9HV6xi5wj8gfXxDf4KnHQ=</latexit><latexit sha1_base64="AVrA1ktFBm1937eC8EdJ9+BKmeE=">AAACEXicbVDLSgMxFM34rPU16tJNsEjrpsyIoMuiG5cV7AM6Q8mkmTY0mQxJplCG+QU3/oobF4q4defOvzGdjqCtBwKHc+7l5pwgZlRpx/myVlbX1jc2S1vl7Z3dvX374LCtRCIxaWHBhOwGSBFGI9LSVDPSjSVBPGCkE4xvZn5nQqSiIrrX05j4HA0jGlKMtJH6di31ghBOspqn6JCjMy+WItYC5jLKqtUfo29XnLqTAy4TtyAVUKDZtz+9gcAJJ5HGDCnVc51Y+ymSmmJGsrKXKBIjPEZD0jM0QpwoP80TZfDUKAMYCmlepGGu/t5IEVdqygMzyZEeqUVvJv7n9RIdXvkpjeJEkwjPD4UJgybyrB44oJJgzaaGICyp+SvEIyQR1qbEsinBXYy8TNrnddepu3cXlcZ1UUcJHIMTUAMuuAQNcAuaoAUweABP4AW8Wo/Ws/Vmvc9HV6xi5wj8gfXxDf4KnHQ=</latexit><latexit sha1_base64="AVrA1ktFBm1937eC8EdJ9+BKmeE=">AAACEXicbVDLSgMxFM34rPU16tJNsEjrpsyIoMuiG5cV7AM6Q8mkmTY0mQxJplCG+QU3/oobF4q4defOvzGdjqCtBwKHc+7l5pwgZlRpx/myVlbX1jc2S1vl7Z3dvX374LCtRCIxaWHBhOwGSBFGI9LSVDPSjSVBPGCkE4xvZn5nQqSiIrrX05j4HA0jGlKMtJH6di31ghBOspqn6JCjMy+WItYC5jLKqtUfo29XnLqTAy4TtyAVUKDZtz+9gcAJJ5HGDCnVc51Y+ymSmmJGsrKXKBIjPEZD0jM0QpwoP80TZfDUKAMYCmlepGGu/t5IEVdqygMzyZEeqUVvJv7n9RIdXvkpjeJEkwjPD4UJgybyrB44oJJgzaaGICyp+SvEIyQR1qbEsinBXYy8TNrnddepu3cXlcZ1UUcJHIMTUAMuuAQNcAuaoAUweABP4AW8Wo/Ws/Vmvc9HV6xi5wj8gfXxDf4KnHQ=</latexit><latexit sha1_base64="AVrA1ktFBm1937eC8EdJ9+BKmeE=">AAACEXicbVDLSgMxFM34rPU16tJNsEjrpsyIoMuiG5cV7AM6Q8mkmTY0mQxJplCG+QU3/oobF4q4defOvzGdjqCtBwKHc+7l5pwgZlRpx/myVlbX1jc2S1vl7Z3dvX374LCtRCIxaWHBhOwGSBFGI9LSVDPSjSVBPGCkE4xvZn5nQqSiIrrX05j4HA0jGlKMtJH6di31ghBOspqn6JCjMy+WItYC5jLKqtUfo29XnLqTAy4TtyAVUKDZtz+9gcAJJ5HGDCnVc51Y+ymSmmJGsrKXKBIjPEZD0jM0QpwoP80TZfDUKAMYCmlepGGu/t5IEVdqygMzyZEeqUVvJv7n9RIdXvkpjeJEkwjPD4UJgybyrB44oJJgzaaGICyp+SvEIyQR1qbEsinBXYy8TNrnddepu3cXlcZ1UUcJHIMTUAMuuAQNcAuaoAUweABP4AW8Wo/Ws/Vmvc9HV6xi5wj8gfXxDf4KnHQ=</latexit>

Shrinking circle
The physical loop is a 
rotating double line.

A strong emitter of 
gravitational waves.

v = c

In the end the loop is swallowed by the BH.

Curve shortening flow
Gage (!984), Gage & Hamilton (1986), …

Loop orbit evolves slowly compared to the oscillation period.

This can be described as slow deformation of the auxiliary curve.

Averaged over oscillation period:

v(�) =
8R2

L
[a0(�)⇥⌦+ a00(�)]

<latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit>

<latexit sha1_base64="YPhqwKAyDUkeR8joWlPbOsJvvB4=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZMa2roQCm5cuKhgH9CEMplO2qGTyTAzEUrob7hxoYhbf8adf+OkraCiBy4czrmXe+8JBaNKO86HVVhZXVvfKG6WtrZ3dvfK+wcdlaQSkzZOWCJ7IVKEUU7ammpGekISFIeMdMPJVe5374lUNOF3eipIEKMRpxHFSBvJ95OYjNClL+jZzaBcceyLRq3q1aBjO07drbo5qda9cw+6RslRAUu0BuV3f5jgNCZcY4aU6ruO0EGGpKaYkVnJTxURCE/QiPQN5SgmKsjmN8/giVGGMEqkKa7hXP0+kaFYqWkcms4Y6bH67eXiX14/1VEjyCgXqSYcLxZFKYM6gXkAcEglwZpNDUFYUnMrxGMkEdYmppIJ4etT+D/pVG23Znu3XqXpLeMogiNwDE6BC+qgCa5BC7QBBgI8gCfwbKXWo/VivS5aC9Zy5hD8gPX2CctqkYE=</latexit>

! = ⇡/L



⌦L � 1
<latexit sha1_base64="+01E9U2HYJ/sWTA6eAlaRSW3NsQ=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68SBYwX5AE8pmu0mX7m7i7qZQQn+HFw+KePXHePPfuG1z0NYHA4/3ZpiZF6acaeO6387K6tr6xmZpq7y9s7u3Xzk4bOkkU4Q2ScIT1QmxppxJ2jTMcNpJFcUi5LQdDm+mfntElWaJfDTjlAYCx5JFjGBjpcC/FzTG6M6PY+T1KlW35s6AlolXkCoUaPQqX34/IZmg0hCOte56bmqCHCvDCKeTsp9pmmIyxDHtWiqxoDrIZ0dP0KlV+ihKlC1p0Ez9PZFjofVYhLZTYDPQi95U/M/rZia6CnIm08xQSeaLoowjk6BpAqjPFCWGjy3BRDF7KyIDrDAxNqeyDcFbfHmZtM5rnlvzHi6q9esijhIcwwmcgQeXUIdbaEATCDzBM7zCmzNyXpx352PeuuIUM0fwB87nD1nnkSg=</latexit><latexit sha1_base64="+01E9U2HYJ/sWTA6eAlaRSW3NsQ=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68SBYwX5AE8pmu0mX7m7i7qZQQn+HFw+KePXHePPfuG1z0NYHA4/3ZpiZF6acaeO6387K6tr6xmZpq7y9s7u3Xzk4bOkkU4Q2ScIT1QmxppxJ2jTMcNpJFcUi5LQdDm+mfntElWaJfDTjlAYCx5JFjGBjpcC/FzTG6M6PY+T1KlW35s6AlolXkCoUaPQqX34/IZmg0hCOte56bmqCHCvDCKeTsp9pmmIyxDHtWiqxoDrIZ0dP0KlV+ihKlC1p0Ez9PZFjofVYhLZTYDPQi95U/M/rZia6CnIm08xQSeaLoowjk6BpAqjPFCWGjy3BRDF7KyIDrDAxNqeyDcFbfHmZtM5rnlvzHi6q9esijhIcwwmcgQeXUIdbaEATCDzBM7zCmzNyXpx352PeuuIUM0fwB87nD1nnkSg=</latexit><latexit sha1_base64="+01E9U2HYJ/sWTA6eAlaRSW3NsQ=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68SBYwX5AE8pmu0mX7m7i7qZQQn+HFw+KePXHePPfuG1z0NYHA4/3ZpiZF6acaeO6387K6tr6xmZpq7y9s7u3Xzk4bOkkU4Q2ScIT1QmxppxJ2jTMcNpJFcUi5LQdDm+mfntElWaJfDTjlAYCx5JFjGBjpcC/FzTG6M6PY+T1KlW35s6AlolXkCoUaPQqX34/IZmg0hCOte56bmqCHCvDCKeTsp9pmmIyxDHtWiqxoDrIZ0dP0KlV+ihKlC1p0Ez9PZFjofVYhLZTYDPQi95U/M/rZia6CnIm08xQSeaLoowjk6BpAqjPFCWGjy3BRDF7KyIDrDAxNqeyDcFbfHmZtM5rnlvzHi6q9esijhIcwwmcgQeXUIdbaEATCDzBM7zCmzNyXpx352PeuuIUM0fwB87nD1nnkSg=</latexit><latexit sha1_base64="+01E9U2HYJ/sWTA6eAlaRSW3NsQ=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68SBYwX5AE8pmu0mX7m7i7qZQQn+HFw+KePXHePPfuG1z0NYHA4/3ZpiZF6acaeO6387K6tr6xmZpq7y9s7u3Xzk4bOkkU4Q2ScIT1QmxppxJ2jTMcNpJFcUi5LQdDm+mfntElWaJfDTjlAYCx5JFjGBjpcC/FzTG6M6PY+T1KlW35s6AlolXkCoUaPQqX34/IZmg0hCOte56bmqCHCvDCKeTsp9pmmIyxDHtWiqxoDrIZ0dP0KlV+ihKlC1p0Ez9PZFjofVYhLZTYDPQi95U/M/rZia6CnIm08xQSeaLoowjk6BpAqjPFCWGjy3BRDF7KyIDrDAxNqeyDcFbfHmZtM5rnlvzHi6q9esijhIcwwmcgQeXUIdbaEATCDzBM7zCmzNyXpx352PeuuIUM0fwB87nD1nnkSg=</latexit>

The 1st term dominates if                .

Auxiliary curve expands, approaching
a circle.

v(�) =
8R2

L
[a0(�)⇥⌦+ a00(�)]

<latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit>

Now consider
<latexit sha1_base64="uQq9X8FXIuADFi3l9ojcTtBwhNg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIqMeiF29WsB/QhLLZTtqlm03c3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZVWVtfWN8qbla3tnd09e7/aVnEqKbRozGPZDYgCzgS0NNMcuokEEgUcOsH4eup3HkEqFot7PUnAj8hQsJBRoo3Ut6uZF4TYu41gSHJPwAN2+nbNqTsz4GXiFqSGCjT79pc3iGkagdCUE6V6rpNoPyNSM8ohr3ipgoTQMRlCz1BBIlB+Nrs9x8dGGeAwlqaExjP190RGIqUmUWA6I6JHatGbiv95vVSHl37GRJJqEHS+KEw51jGeBoEHTALVfGIIoZKZWzEdEUmoNnFVTAju4svLpH1ad8/rZ3dntcZVEUcZHaIjdIJcdIEa6AY1UQtR9ISe0St6s3LrxXq3PuatJauYOUB/YH3+ABx3k9k=</latexit>

⌦ 6= 0

. <latexit sha1_base64="E5P9tIdwaHwFnN/40d7cyKD5lLw=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Vjw4s0K9gOaUDbbSbt0swm7G6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7dJOeXdv/+CwcnTc1kmmGLZYIhLVDalGwSW2DDcCu6lCGocCO+H4duZ3nlBpnshHM0kxiOlQ8ogzaqzk534YEf8+xiGd9itVt+bOQVaJV5AqFGj2K1/+IGFZjNIwQbXueW5qgpwqw5nAadnPNKaUjekQe5ZKGqMO8vnNU3JulQGJEmVLGjJXf0/kNNZ6Eoe2M6ZmpJe9mfif18tMdBPkXKaZQckWi6JMEJOQWQBkwBUyIyaWUKa4vZWwEVWUGRtT2YbgLb+8StqXNe+qVn+oVxv1Io4SnMIZXIAH19CAO2hCCxik8Ayv8OZkzovz7nwsWtecYuYE/sD5/AGxb5Fu</latexit>

⌦



⌦L � 1
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The 1st term dominates if                .

Auxiliary curve expands, approaching
a circle.

The loop grows by extracting rotational 
energy from the BH.

v = c

Complete spin down of a supermassive BH in 1010 yrs for                    .   

v(�) =
8R2

L
[a0(�)⇥⌦+ a00(�)]

<latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit><latexit sha1_base64="uRbEHcGGKAlVBw3E0p1VP6Ok6gw="></latexit>

<latexit sha1_base64="CMezOz4hVyXdR34qXrKGtuZLINc=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCG8uM1Mey6EKXFewDOmPJpGkbmswMyR2hDsVfceNCEbf+hzv/xrSdhbYeCBzOOZd7c4JYcA2O823lFhaXllfyq4W19Y3NLXt7p66jRFFWo5GIVDMgmgkeshpwEKwZK0ZkIFgjGFyN/cYDU5pH4R0MY+ZL0gt5l1MCRmrbe9eeTLwemITErnOfHruno7ZddErOBHieuBkpogzVtv3ldSKaSBYCFUTrluvE4KdEAaeCjQpeollM6ID0WMvQkEim/XRy/QgfGqWDu5EyLwQ8UX9PpERqPZSBSUoCfT3rjcX/vFYC3Qs/5WGcAAvpdFE3ERgiPK4Cd7hiFMTQEEIVN7di2ieKUDCFFUwJ7uyX50n9pOSelcq35WLlMqsjj/bRATpCLjpHFXSDqqiGKHpEz+gVvVlP1ov1bn1Mozkrm9lFf2B9/gAdcpRd</latexit>

Gµ & 10�15

Now consider
<latexit sha1_base64="uQq9X8FXIuADFi3l9ojcTtBwhNg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIqMeiF29WsB/QhLLZTtqlm03c3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZVWVtfWN8qbla3tnd09e7/aVnEqKbRozGPZDYgCzgS0NNMcuokEEgUcOsH4eup3HkEqFot7PUnAj8hQsJBRoo3Ut6uZF4TYu41gSHJPwAN2+nbNqTsz4GXiFqSGCjT79pc3iGkagdCUE6V6rpNoPyNSM8ohr3ipgoTQMRlCz1BBIlB+Nrs9x8dGGeAwlqaExjP190RGIqUmUWA6I6JHatGbiv95vVSHl37GRJJqEHS+KEw51jGeBoEHTALVfGIIoZKZWzEdEUmoNnFVTAju4svLpH1ad8/rZ3dntcZVEUcZHaIjdIJcdIEa6AY1UQtR9ISe0St6s3LrxXq3PuatJauYOUB/YH3+ABx3k9k=</latexit>

⌦ 6= 0

<latexit sha1_base64="77R4rERkdYMG7w5PRzsocOQdDlQ=">AAACCXicbVDJSgNBEO1xjXEb9eilMQiCEGZCiF6EgBcPAaOYBTKT0NPpSZr0LHbXCGHI1Yu/4sWDIl79A2/+jZ3loIkPCh7vVVFVz4sFV2BZ38bS8srq2npmI7u5tb2za+7t11WUSMpqNBKRbHpEMcFDVgMOgjVjyUjgCdbwBpdjv/HApOJReAfDmLkB6YXc55SAljomrlw46l5CWulY7cKpXXJijm/bBec6YD2CYdQxc1bemgAvEntGcmiGasf8croRTQIWAhVEqZZtxeCmRAKngo2yTqJYTOiA9FhL05AETLnp5JMRPtZKF/uR1BUCnqi/J1ISKDUMPN0ZEOireW8s/ue1EvDP3ZSHcQIspNNFfiIwRHgcC+5yySiIoSaESq5vxbRPJKGgw8vqEOz5lxdJvZC3S/niTTFXLs7iyKBDdIROkI3OUBldoSqqIYoe0TN6RW/Gk/FivBsf09YlYzZzgP7A+PwBA9WYmg==</latexit>

L =
q

L2
0 + 16⇡R2⌦t
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⌦

For a circular auxiliary curve:

<latexit sha1_base64="YPhqwKAyDUkeR8joWlPbOsJvvB4=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZMa2roQCm5cuKhgH9CEMplO2qGTyTAzEUrob7hxoYhbf8adf+OkraCiBy4czrmXe+8JBaNKO86HVVhZXVvfKG6WtrZ3dvfK+wcdlaQSkzZOWCJ7IVKEUU7ammpGekISFIeMdMPJVe5374lUNOF3eipIEKMRpxHFSBvJ95OYjNClL+jZzaBcceyLRq3q1aBjO07drbo5qda9cw+6RslRAUu0BuV3f5jgNCZcY4aU6ruO0EGGpKaYkVnJTxURCE/QiPQN5SgmKsjmN8/giVGGMEqkKa7hXP0+kaFYqWkcms4Y6bH67eXiX14/1VEjyCgXqSYcLxZFKYM6gXkAcEglwZpNDUFYUnMrxGMkEdYmppIJ4etT+D/pVG23Znu3XqXpLeMogiNwDE6BC+qgCa5BC7QBBgI8gCfwbKXWo/VivS5aC9Zy5hD8gPX2CctqkYE=</latexit>
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Heling DengNumerical simulations
Loop in Schwarzschild spacetime

<latexit sha1_base64="/UqEeUNqJPcMMDIdoCD2SWzLUis=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe8kqGXAxsIiivmA5Ah7m71kye7eZXcvEI78DhsLRWz9MXb+GzfJFZr4YODx3gwz84KYM21c99vJra1vbG7ltws7u3v7B8XDo4aOEkVonUQ8Uq0Aa8qZpHXDDKetWFEsAk6bwfB25jfHVGkWyScziakvcF+ykBFsrOTfd9nFY0czgTzX7RZLbtmdA60SLyMlyFDrFr86vYgkgkpDONa67bmx8VOsDCOcTgudRNMYkyHu07alEguq/XR+9BSdWaWHwkjZkgbN1d8TKRZaT0RgOwU2A73szcT/vHZiwhs/ZTJODJVksShMODIRmiWAekxRYvjEEkwUs7ciMsAKE2NzKtgQvOWXV0njsuxdlSsPlVK1ksWRhxM4hXPw4BqqcAc1qAOBETzDK7w5Y+fFeXc+Fq05J5s5hj9wPn8A9LmQ4g==</latexit>
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Heling DengNumerical simulations
Loop in Kerr spacetime

<latexit sha1_base64="z1o2f9OVYS0+f4r0x0aMR6JI9p0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKe5KfBwDXjx4iGIekF3C7GQ2GTIzu8zMCmHJb3jxoIhXf8abf+Mk2YMmFjQUVd10d4UJZ9q47rdTWFldW98obpa2tnd298r7By0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w9HN1G8/UaVZLB/NOKGBwAPJIkawsZJ/12NnD75mAl24vXLFrbozoGXi5aQCORq98pffj0kqqDSEY627npuYIMPKMMLppOSnmiaYjPCAdi2VWFAdZLObJ+jEKn0UxcqWNGim/p7IsNB6LELbKbAZ6kVvKv7ndVMTXQcZk0lqqCTzRVHKkYnRNADUZ4oSw8eWYKKYvRWRIVaYGBtTyYbgLb68TFrnVe+yWruvVeq1PI4iHMExnIIHV1CHW2hAEwgk8Ayv8Oakzovz7nzMWwtOPnMIf+B8/gCJWJCs</latexit>
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Helical wave amplifies upon reflection.

Superradiance

Zel’dovich



Helical wave amplifies upon reflection.

Then travels to the other side – and amplifies again!

Perturbations quickly become nonlinear.

May lead to continuous loop production.                                                                             

Zel’dovich

Superradiance



STRING EVOLUTION AND CAPTURE 



Self-similar evolution

t

Bennett & Bouchet (1990)

Allen & Shellard (1990)

Blanco-Pillado, Olum & Shlaer (2011) 

Vanchurin & Olum (2005) 

Ringeval, Sakellariadou & Bouchet (2005)

• Loops oscillate and decay by emitting 
gravitational waves.

• Loop density:  
<latexit sha1_base64="NMMr/q9zdDpix8JX7jHy8vlye8E=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIdWFNalGXRRe6rGAf0MQymU7bofMIMxOhxC78FTcuFHHrb7jzb5y2WWjrgQuHc+7l3nvCiBKlXffbyiwsLi2vZFdza+sbm1v29k5diVgiXEOCCtkMocKUcFzTRFPcjCSGLKS4EQ6uxn7jAUtFBL/TwwgHDPY46RIEtZHa9h73IykiLZzCtc/io/vk+PSkNGrbebfoTuDMEy8leZCi2ra//I5AMcNcIwqVanlupIMESk0QxaOcHyscQTSAPdwylEOGVZBM7h85h0bpOF0hTXHtTNTfEwlkSg1ZaDoZ1H01643F/7xWrLsXQUJ4FGvM0XRRN6aOeXcchtMhEiNNh4ZAJIm51UF9KCHSJrKcCcGbfXme1EtF76xYvi3nK5dpHFmwDw5AAXjgHFTADaiCGkDgETyDV/BmPVkv1rv1MW3NWOnMLvgD6/MHYHqVCw==</latexit>

n / (Gµ)�3/2

• Each horizon volume contains several 
long strings and a large number of loops 
with a wide distribution of sizes.



Self-similar evolution

• Loops oscillate and decay by emitting 
gravitational waves.

• Loop density:  

• Each horizon volume contains several 
long strings and a large number of loops 
with a wide distribution of sizes.

t

Bennett & Bouchet (1990)

Allen & Shellard (1990)

Blanco-Pillado, Olum & Shlaer (2011) 

Vanchurin & Olum (2005) 

Ringeval, Sakellariadou & Bouchet (2005)

Loop capture
The probability of capture by a SMBH 

is P ~ 1 for                       . 

<latexit sha1_base64="NMMr/q9zdDpix8JX7jHy8vlye8E=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIdWFNalGXRRe6rGAf0MQymU7bofMIMxOhxC78FTcuFHHrb7jzb5y2WWjrgQuHc+7l3nvCiBKlXffbyiwsLi2vZFdza+sbm1v29k5diVgiXEOCCtkMocKUcFzTRFPcjCSGLKS4EQ6uxn7jAUtFBL/TwwgHDPY46RIEtZHa9h73IykiLZzCtc/io/vk+PSkNGrbebfoTuDMEy8leZCi2ra//I5AMcNcIwqVanlupIMESk0QxaOcHyscQTSAPdwylEOGVZBM7h85h0bpOF0hTXHtTNTfEwlkSg1ZaDoZ1H01643F/7xWrLsXQUJ4FGvM0XRRN6aOeXcchtMhEiNNh4ZAJIm51UF9KCHSJrKcCcGbfXme1EtF76xYvi3nK5dpHFmwDw5AAXjgHFTADaiCGkDgETyDV/BmPVkv1rv1MW3NWOnMLvgD6/MHYHqVCw==</latexit>

n / (Gµ)�3/2

H. Xing, Y. Levin, 
A. Gruzinov, & A.V. (2020) 

<latexit sha1_base64="laXoXHE+5g9dXN3Veglm7rimw6A=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRvFgSKdZjwYMeK9gPaGLZbDft0t0k7G6EEgr+FS8eFPHq7/Dmv3Hb5qCtDwYe780wMy9IOFPacb6twsrq2vpGcbO0tb2zu2fvH7RUnEpCmyTmsewEWFHOItrUTHPaSSTFIuC0HYyup377kUrF4uhejxPqCzyIWMgI1kbq2Uc3nkg9TpVSTCDXecjO3dqkZ5edijMDWiZuTsqQo9Gzv7x+TFJBI004VqrrOon2Myw1I5xOSl6qaILJCA9o19AIC6r8bHb+BJ0apY/CWJqKNJqpvycyLJQai8B0CqyHatGbiv953VSHV37GoiTVNCLzRWHKkY7RNAvUZ5ISzceGYCKZuRWRIZaYaJNYyYTgLr68TFoXFfeyUr2rluvVPI4iHMMJnIELNajDLTSgCQQyeIZXeLOerBfr3fqYtxasfOYQ/sD6/AHqL5TF</latexit>
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Strings and primordial BHs

• BHs have size ~ horizon at formation.

• A few strings are captured by each BH. 

BH-string network.

A. Gruzinov, Y. Levin & A.V. (2020)

A. Lopez, K. Olum & A.V. (in progress) 



• BHs have size ~ horizon at formation.

• A few strings are captured by each BH. 

BH-string network.

Strings and primordial BHs A. Gruzinov, Y. Levin & A.V. (2020)

A. Lopez, K. Olum & A.V. (in progress) 

BHs can disconnect from the network,
but only with loops attached.



Conclusions

String loops are likely to be captured by SMBH in galactic centers
(for sufficiently small      ) and by primordial BHs (for BH mass and any      ).

A variety of physical effects:

• BH spin down

• Superradiance

• GW emission

Work in progress:  reconnections, evolution of BH-string networks, etc. 

<latexit sha1_base64="Fxg2W8655sJ6oJrqOE4kYMM01vA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiBz1WsB/QhrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN2kO2vpg4PHeDDPzgpgzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJRzOLqS/wWLKQEWwy6W4gkmG15tbdHGiVeAWpQYHWsPo1GEUkEVQawrHWfc+NjZ9iZRjhdF4ZJJrGmEzxmPYtlVhQ7af5rXN0ZpURCiNlSxqUq78nUiy0nonAdgpsJnrZy8T/vH5iwms/ZTJODJVksShMODIRyh5HI6YoMXxmCSaK2VsRmWCFibHxVGwI3vLLq6RzUfcu642HRq15U8RRhhM4hXPw4AqacA8taAOBCTzDK7w5wnlx3p2PRWvJKWaO4Q+czx/xpY4w</latexit>

Gµ
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