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1. Introduction and motivation



The idea of boson stars
   “Gravitational-electromagnetic entities” or Geons 

      Wheeler 1955

   Energy = mass gravitates           Compact (equilibrium?) objects 

   Geons are not equilibrium configurations 

   Dark matter candidates: QCD axions, ALPs, dark photons,… 

   Complex fields (scalar, vector,…) 

          Genuine equilibrium states;          stationary! 

   First shown for scalar fields         “Boson stars” 

     Feinblum & McKinley PR 168 (1968),    Kaup PR 172 (1968),


     Ruffini & Bonazzola PR 187 (1969)
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A boson star zoo
   Mini BSs   (no self-interaction)    Kaup PR (1968) and others


   “Solitonic” BSs   (self-interacting scalar field)      more compact 

     Colpi+ PRL (1986),   Lee PRD (1987),   …


   Proca stars    Brito+ Phys.Lett.B (2016)


     -boson stars (multiple scalar fields)  Alcubierre+ CQG (2018) 

   Multi-oscillating BSs    Choptuik+ PRL (2019) 

   Thin-shell BSs  (one scalar with false vacuum state) 

     Collodel & Doneva 2203.08203


   Higher-spin fields  Jain & Amin 2109.04892


   Multi-field BSs   Sanchis-Gual+  PRL (2021)


   May condense from local over-densities   Widdicombe+ JCAP (2018)
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Focus here: Single-scalar, solitonic and mini BSs



Formalism and basic features
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   GR + minimally coupled complex scalar field 

   Potential; analogous to EOS:  

   Spherically symmetric equilibrium models 

     Ansatz: 

     Regular solutions only for countably infinite values  

                                       (ground state, excited states)
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Formalism and basic features
   E.g. Maximal-mass mini boson star     (Kaup limit) 

   Excited states unstable: 

     collapse to BH, dispersion or migration to stable ground-state BS 

     Balakrishna, Seidel, Suen PRD (1998)

<latexit sha1_base64="qAxCoRyHcteztktxsDRR9Fm+ros="></latexit>

!0 = 0.853m, M = 0.633M2
Pl/m



Formalism and basic features
   Mass-Radius curves similar to Tolman-Oppenheimer-Volkoff stars



Formalism and basic features
   Mass-Radius curves similar to Tolman-Oppenheimer-Volkoff stars

unstable                                                                    stable



Spinning Boson Stars
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   Scalar BSs cannot spin perturbatively   Kobayashi+ PRD (1994) 

   Spinning scalar BSs exist with but have quantized spin 

     Schunck & Mielke   Phys.Lett.A (1998) 

   Spinning scalar BSs likely unstable in contrast to 

     spinning Proca stars!   Sanchis-Gual+   PRL (2019) 

     Possibly due to toroidal structure: scalar field vanishes at origin 

   What happens in scalar BS inspiral and merger?

   Kerr BH 

   Non-spinning BS; angular momentum shed 

   Total dispersal 

   Spinning BS with exact angular momentum?



2. Gravitational Afterglow of BSs



The Configuration
Croft, Helfer, Ge, Radia, Evstafyeva, Lim, US & Clough   2207.05690 

   Equal-mass eccentric (grazing) collision of two mini BSs 

     of compactness  

   GRChombo code   Radia+  CQG (2022),   Andrade+ JOSS (2022)  

   Initial data improved superposition: No Malaise! 

    Helfer+ PRD (2018), CQG (2021),   Tamara’s talk at 18:00
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   Full AMR 

   CCZ4 formulation 

   Moving puncture gauge



Snapshots of the time evolution



The merger remnant
   Boson-star like remnant    


   Does it spin? 

     Compute Angular-momentum measure including curvature! 

     Croft   gr-qc/2203.13845;   see also   Clough   CQG (2021)

       inside sphere of    
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The merger remnant

    Leading order decay: exponential with 

    Oscillatory part due to dynamics of post-merger remnant
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                                      LISA band:    
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m = 10�25 eV ) thalf = O(Myr)



The Gravitational-Wave Signal
                       multipoles of        at

<latexit sha1_base64="lv75ltFcG6Qj6JUnp6Dljv/KadU=">AAAB83icbVDLSgMxFL3xWeur6tJNsAgtlDJTFMVVwY3LCvYB7VAyaaYNzWSGJCOUoX6GGxeKuPVn3Pk3pu0stPXA5R7OuZfcHD8WXBvH+UZr6xubW9u5nfzu3v7BYeHouKWjRFHWpJGIVMcnmgkuWdNwI1gnVoyEvmBtf3w789uPTGkeyQcziZkXkqHkAafEWKlXqlVq5cqTbU65Xyg6VWcOvErcjBQhQ6Nf+OoNIpqETBoqiNZd14mNlxJlOBVsmu8lmsWEjsmQdS2VJGTaS+c3T/G5VQY4iJQtafBc/b2RklDrSejbyZCYkV72ZuJ/XjcxwbWXchknhkm6eChIBDYRngWAB1wxasTEEkIVt7diOiKKUGNjytsQ3OUvr5JWrepeVp37i2L9JosjB6dwBiVw4QrqcAcNaAKFGJ7hFd5Qgl7QO/pYjK6hbOcE/gB9/gB7k49Y</latexit>

(2, 2), (2, 0)
<latexit sha1_base64="NOJBAOpLB88UUFsSRnu++dXp8m8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRfFU8OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDsc38789hPThiv5YCcJC2IylDzilFgntXoNw/u1frniVb058Crxc1KBHI1++as3UDSNmbRUEGO6vpfYICPacirYtNRLDUsIHZMh6zoqScxMkM2vneIzpwxwpLQrafFc/T2RkdiYSRy6zpjYkVn2ZuJ/Xje10XWQcZmklkm6WBSlAluFZ6/jAdeMWjFxhFDN3a2Yjogm1LqASi4Ef/nlVdK6qPqXVe++Vqnf5HEU4QRO4Rx8uII63EEDmkDhEZ7hFd6QQi/oHX0sWgsonzmGP0CfPx6Jjs0=</latexit>

 4

<latexit sha1_base64="M+zEd6T+ses5zgrfnpu/D785lWo=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEN5akKIogFNy4rGAf0MYwmU7aoTOTMDMRS4j4K25cKOLW73Dn3zhts9DWAxcO59zLvfcEMaNKO863VVhYXFpeKa6W1tY3Nrfs7Z2mihKJSQNHLJLtACnCqCANTTUj7VgSxANGWsHwauy37olUNBK3ehQTj6O+oCHFSBvJt/ekn3Ylh+Qhu6xWnUd+lx67mW+XnYozAZwnbk7KIEfdt7+6vQgnnAiNGVKq4zqx9lIkNcWMZKVuokiM8BD1ScdQgThRXjo5P4OHRunBMJKmhIYT9fdEirhSIx6YTo70QM16Y/E/r5Po8NxLqYgTTQSeLgoTBnUEx1nAHpUEazYyBGFJza0QD5BEWJvESiYEd/bledKsVtzTinNzUq5d5HEUwT44AEfABWegBq5BHTQABil4Bq/gzXqyXqx362PaWrDymV3wB9bnDyDKlOo=</latexit>

rex = 220 m�1



The Gravitational-Wave Signal
                       multipoles of        at

<latexit sha1_base64="lv75ltFcG6Qj6JUnp6Dljv/KadU=">AAAB83icbVDLSgMxFL3xWeur6tJNsAgtlDJTFMVVwY3LCvYB7VAyaaYNzWSGJCOUoX6GGxeKuPVn3Pk3pu0stPXA5R7OuZfcHD8WXBvH+UZr6xubW9u5nfzu3v7BYeHouKWjRFHWpJGIVMcnmgkuWdNwI1gnVoyEvmBtf3w789uPTGkeyQcziZkXkqHkAafEWKlXqlVq5cqTbU65Xyg6VWcOvErcjBQhQ6Nf+OoNIpqETBoqiNZd14mNlxJlOBVsmu8lmsWEjsmQdS2VJGTaS+c3T/G5VQY4iJQtafBc/b2RklDrSejbyZCYkV72ZuJ/XjcxwbWXchknhkm6eChIBDYRngWAB1wxasTEEkIVt7diOiKKUGNjytsQ3OUvr5JWrepeVp37i2L9JosjB6dwBiVw4QrqcAcNaAKFGJ7hFd5Qgl7QO/pYjK6hbOcE/gB9/gB7k49Y</latexit>

(2, 2), (2, 0)
<latexit sha1_base64="NOJBAOpLB88UUFsSRnu++dXp8m8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRfFU8OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDsc38789hPThiv5YCcJC2IylDzilFgntXoNw/u1frniVb058Crxc1KBHI1++as3UDSNmbRUEGO6vpfYICPacirYtNRLDUsIHZMh6zoqScxMkM2vneIzpwxwpLQrafFc/T2RkdiYSRy6zpjYkVn2ZuJ/Xje10XWQcZmklkm6WBSlAluFZ6/jAdeMWjFxhFDN3a2Yjogm1LqASi4Ef/nlVdK6qPqXVe++Vqnf5HEU4QRO4Rx8uII63EEDmkDhEZ7hFd6QQi/oHX0sWgsonzmGP0CfPx6Jjs0=</latexit>

 4

<latexit sha1_base64="M+zEd6T+ses5zgrfnpu/D785lWo=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEN5akKIogFNy4rGAf0MYwmU7aoTOTMDMRS4j4K25cKOLW73Dn3zhts9DWAxcO59zLvfcEMaNKO863VVhYXFpeKa6W1tY3Nrfs7Z2mihKJSQNHLJLtACnCqCANTTUj7VgSxANGWsHwauy37olUNBK3ehQTj6O+oCHFSBvJt/ekn3Ylh+Qhu6xWnUd+lx67mW+XnYozAZwnbk7KIEfdt7+6vQgnnAiNGVKq4zqx9lIkNcWMZKVuokiM8BD1ScdQgThRXjo5P4OHRunBMJKmhIYT9fdEirhSIx6YTo70QM16Y/E/r5Po8NxLqYgTTQSeLgoTBnUEx1nAHpUEazYyBGFJza0QD5BEWJvESiYEd/bledKsVtzTinNzUq5d5HEUwT44AEfABWegBq5BHTQABil4Bq/gzXqyXqx362PaWrDymV3wB9bnDyDKlOo=</latexit>

rex = 220 m�1

    This is resolved! 

    Somewhat similar to GWs 

     from Neutron-Star mergers



Power Spectrum
    Compute Fourier spectrum of afterglow          multipole    

             multipole looks very similar 

    Dominant mode 

    Signs of beating 

    For reference: 

    Cf. Palenzuela+ PRD (2017) : 

     Fundamental frequency 

     of remnant

<latexit sha1_base64="KNLXma/mtfoiOCJlofIs3g4LAsY=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahgpTdoiieCl48VnDbQruUbJptQ5PskmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0U1tY3NreK26Wd3b39g/LhUUvHqSLUJzGPVSfEmnImqW+Y4bSTKIpFyGk7HN/N/PYTVZrF8tFMEhoIPJQsYgQbK/nV+oV73i9X3Jo7B1olXk4qkKPZL3/1BjFJBZWGcKx113MTE2RYGUY4nZZ6qaYJJmM8pF1LJRZUB9n82Ck6s8oARbGyJQ2aq78nMiy0nojQdgpsRnrZm4n/ed3URDdBxmSSGirJYlGUcmRiNPscDZiixPCJJZgoZm9FZIQVJsbmU7IheMsvr5JWveZd1dyHy0rjNo+jCCdwClXw4BoacA9N8IEAg2d4hTdHOi/Ou/OxaC04+cwx/IHz+QMWt42H</latexit>

(2, 0)

<latexit sha1_base64="kyIGPu4UHx7Erxo6Y0ZaINIY0nQ=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQQcpuURRPBS8eK7htoV1KNs22odnskmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeUEiuDaO840Ka+sbm1vF7dLO7t7+QfnwqKXjVFHm0VjEqhMQzQSXzDPcCNZJFCNRIFg7GN/N/PYTU5rH8tFMEuZHZCh5yCkxVvKq9Yv6eb9ccWrOHHiVuDmpQI5mv/zVG8Q0jZg0VBCtu66TGD8jynAq2LTUSzVLCB2TIetaKknEtJ/Nj53iM6sMcBgrW9Lgufp7IiOR1pMosJ0RMSO97M3E/7xuasIbP+MySQ2TdLEoTAU2MZ59jgdcMWrExBJCFbe3YjoiilBj8ynZENzll1dJq15zr2rOw2WlcZvHUYQTOIUquHANDbiHJnhAgcMzvMIbkugFvaOPRWsB5TPH8Afo8wcZwY2J</latexit>

(2, 2)

<latexit sha1_base64="SdMGC//dArY2JC4cTnotvHGY/xE=">AAAB+nicbZDLSgMxFIYz9VbrbapLN8EiuJAyI95wVXDjsoK9QKeUTJppQzNJSDJqGfsoblwo4tYncefbmGlnoa0/BD7+cw7n5A8lo9p43rdTWFpeWV0rrpc2Nre2d9zyblOLRGHSwIIJ1Q6RJoxy0jDUMNKWiqA4ZKQVjq6zeuueKE0FvzNjSboxGnAaUYyMtXpuOQqQlEo8Qq/qeefBcdxzKxlmgovg51ABueo99yvoC5zEhBvMkNYd35OmmyJlKGZkUgoSTSTCIzQgHYscxUR30+npE3honT6MhLKPGzh1f0+kKNZ6HIe2M0ZmqOdrmflfrZOY6LKbUi4TQzieLYoSBo2AWQ6wTxXBho0tIKyovRXiIVIIG5tWyYbgz395EZonVf+s6t2eVmpXeRxFsA8OwBHwwQWogRtQBw2AwQN4Bq/gzXlyXpx352PWWnDymT3wR87nD1QvkrY=</latexit>

f ⇡ 0.006m

<latexit sha1_base64="1DdzYHMw1+djC2VpbWe4Puse7Xs=">AAACEnicbVDLSsNAFJ34rPUVdelmsAgKGpJSUVwV3HRZwT6giWUynbRDJ5kwMxFryDe48VfcuFDErSt3/o3TNgttPXDhcM693HuPHzMqlW1/GwuLS8srq4W14vrG5ta2ubPblDwRmDQwZ1y0fSQJoxFpKKoYaceCoNBnpOUPr8Z+644ISXl0o0Yx8ULUj2hAMVJa6prHjn2bnjqVzD1JXRFC0sygi+JY8HtYtirlXK49ZF2zZFv2BHCeODkpgRz1rvnl9jhOQhIpzJCUHceOlZcioShmJCu6iSQxwkPUJx1NIxQS6aWTlzJ4qJUeDLjQFSk4UX9PpCiUchT6ujNEaiBnvbH4n9dJVHDhpTSKE0UiPF0UJAwqDsf5wB4VBCs20gRhQfWtEA+QQFjpFIs6BGf25XnSLFvOmWVfV0rVyzyOAtgHB+AIOOAcVEEN1EEDYPAInsEreDOejBfj3fiYti4Y+cwe+APj8wflyJu5</latexit>

10
�14

eV ⇡ 2.42Hz



Radiated energy
    Radiated GW energy and power 

    Power peak at merger 

    Barely drops in afterglow 

    

     (squishy BSs) 

    But keeps growing!!!

<latexit sha1_base64="wumEFS/jq/Hq2aAmhQOsMW4lasU=">AAACD3icbVC7SgNBFJ2Nrxhfq5Y2g0GxMe5KRLEKiGAjRDAPyK5hdjJJhsw+mLkrhmX/wMZfsbFQxNbWzr9xkmyhiQcGDufcy51zvEhwBZb1beTm5hcWl/LLhZXVtfUNc3OrrsJYUlajoQhl0yOKCR6wGnAQrBlJRnxPsIY3uBj5jXsmFQ+DWxhGzPVJL+BdTgloqW3uX7YTR/oYQkiPrrFDokiGD7jsAPeZwrZ1lxyWU9w2i1bJGgPPEjsjRZSh2ja/nE5IY58FQAVRqmVbEbgJkcCpYGnBiRWLCB2QHmtpGhB9zU3GeVK8p5UO7oZSvwDwWP29kRBfqaHv6UmfQF9NeyPxP68VQ/fMTXgQxcACOjnUjYVOj0fl4A6XjIIYakKo5PqvmPaJJBR0hQVdgj0deZbUj0v2Scm6KRcr51kdebSDdtEBstEpqqArVEU1RNEjekav6M14Ml6Md+NjMpozsp1t9AfG5w/Fd5st</latexit>

Etot/M ⇡ 4⇥ 10�4



Animation
Credits:  Thomas Helfer 

            and         multipoles synchronize as ang.momentum drops. 

     Coincidence or causal relation?

<latexit sha1_base64="z9Td4zcXxnpTQW8YO7+gAZCpY5g=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpTdUlE8Fbx4rGA/oF1KNs22sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZya+sbm1v57cLO7t7+QfHwqKVloghtEsml6gRYU84EbRpmOO3EiuIo4LQdjG9nfvuJKs2keDCTmPoRHgoWMoKNlVrl6kX1HPWLJbfizoFWiZeREmRo9ItfvYEkSUSFIRxr3fXc2PgpVoYRTqeFXqJpjMkYD2nXUoEjqv10fu0UnVllgEKpbAmD5urviRRHWk+iwHZG2Iz0sjcT//O6iQmv/ZSJODFUkMWiMOHISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSwIXjLL6+SVrXiXVbc+1qpfpPFkYcTOIUyeHAFdbiDBjSBwCM8wyu8OdJ5cd6dj0VrzslmjuEPnM8fcA6Nsw==</latexit>

(2, 2)
<latexit sha1_base64="vpDAw7g5qpZjlse2XY59XXBdrO4=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpTdUlE8Fbx4rGA/oF1KNs22sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZya+sbm1v57cLO7t7+QfHwqKVloghtEsml6gRYU84EbRpmOO3EiuIo4LQdjG9nfvuJKs2keDCTmPoRHgoWMoKNlVrl6oV7jvrFkltx50CrxMtICTI0+sWv3kCSJKLCEI617npubPwUK8MIp9NCL9E0xmSMh7RrqcAR1X46v3aKzqwyQKFUtoRBc/X3RIojrSdRYDsjbEZ62ZuJ/3ndxITXfspEnBgqyGJRmHBkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYELzll1dJq1rxLivufa1Uv8niyMMJnEIZPLiCOtxBA5pA4BGe4RXeHOm8OO/Ox6I152Qzx/AHzucPbQKNsQ==</latexit>

(2, 0)



3. Binary BS inspiral



BS binary setup
    Potential    

    Equal mass 

    Velocity 

    Distance 

    Lean code

<latexit sha1_base64="+wlHuIi4Nrx3n8xISkYvovnxsjQ="></latexit>

V (') = m2|'|2
✓
1� 2

|'|2

�2
0

◆2

, �0 = 0.2

<latexit sha1_base64="jpJtelWcTnn1y0MXauZAjRug7MQ=">AAACGnicbZDLSsNAFIYnXmu9RV26GSyCCwmJKJVCoeLGjVDBXqAJYTKdtEMnF2YmhZLmOdz4Km5cKOJO3Pg2TtuA2vrDwM93zuHM+b2YUSFN80tbWl5ZXVsvbBQ3t7Z3dvW9/aaIEo5JA0cs4m0PCcJoSBqSSkbaMSco8BhpeYPrSb01JFzQKLyXo5g4AeqF1KcYSYVc3bpyU5sHEEueVapje4h43Kc/bFw1Datsn97OUJ1lrl4yDXMquGis3JRArrqrf9jdCCcBCSVmSIiOZcbSSRGXFDOSFe1EkBjhAeqRjrIhCohw0ulpGTxWpAv9iKsXSjilvydSFAgxCjzVGSDZF/O1Cfyv1kmkf+mkNIwTSUI8W+QnDMoITnKCXcoJlmykDMKcqr9C3EccYanSLKoQrPmTF03zzLAuDPPuvFSr5HEUwCE4AifAAmVQAzegDhoAgwfwBF7Aq/aoPWtv2vusdUnLZw7AH2mf31l7oGM=</latexit>

Actr := |'ctr| = 0.17MPl

<latexit sha1_base64="+3S+nI3IPIA/G6H7uzSvxmaElX4=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBRSmJKIqrghuXFewDmhAmk0k7dDIJM5NCCenCjb/ixoUibv0Hd/6N0zYLbT1w4XDOvdx7j58wKpVlfRulldW19Y3yZmVre2d3z9w/aMs4FZi0cMxi0fWRJIxy0lJUMdJNBEGRz0jHH95O/c6ICElj/qDGCXEj1Oc0pBgpLXnm8cjLHBFBhXju1GqTyaQQBApyz6xadWsGuEzsglRBgaZnfjlBjNOIcIUZkrJnW4lyMyQUxYzkFSeVJEF4iPqkpylHEZFuNvsih6daCWAYC11cwZn6eyJDkZTjyNedEVIDuehNxf+8XqrCazejPEkV4Xi+KEwZVDGcRgIDKghWbKwJwoLqWyEeIIGw0sFVdAj24svLpH1ety/r1v1FtXFTxFEGR+AEnAEbXIEGuANN0AIYPIJn8ArejCfjxXg3PuatJaOYOQR/YHz+AMQ/mLc=</latexit>vtan , vrad

<latexit sha1_base64="EK8MaYTsG6NlXoP4kX3+Qjpa2to=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKongqePFYwbSFNpTNdtMu3d2E3Y1YQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyW3udx6p0iyWD2aa0EDgkWQRI9jkUuNp4A6qNbfuzoFWiVeQGhRoDapf/WFMUkGlIRxr3fPcxAQZVoYRTmeVfqppgskEj2jPUokF1UE2v3WGzqwyRFGsbEmD5urviQwLracitJ0Cm7Fe9nLxP6+Xmug6yJhMUkMlWSyKUo5MjPLH0ZApSgyfWoKJYvZWRMZYYWJsPBUbgrf88ippN+reZd29v6g1b4o4ynACp3AOHlxBE+6gBT4QGMMzvMKbI5wX5935WLSWnGLmGP7A+fwBelyN1w==</latexit>

2x0

   Cactus / Carpet 

   AHFinderDirect 

   BSSN 

   Moving Puncture Gauge 

   No-Malaise initial data



BS binary setup
    Potential    

    Equal mass 

    Velocity 

    Distance

<latexit sha1_base64="+wlHuIi4Nrx3n8xISkYvovnxsjQ="></latexit>

V (') = m2|'|2
✓
1� 2

|'|2

�2
0

◆2

, �0 = 0.2

<latexit sha1_base64="jpJtelWcTnn1y0MXauZAjRug7MQ=">AAACGnicbZDLSsNAFIYnXmu9RV26GSyCCwmJKJVCoeLGjVDBXqAJYTKdtEMnF2YmhZLmOdz4Km5cKOJO3Pg2TtuA2vrDwM93zuHM+b2YUSFN80tbWl5ZXVsvbBQ3t7Z3dvW9/aaIEo5JA0cs4m0PCcJoSBqSSkbaMSco8BhpeYPrSb01JFzQKLyXo5g4AeqF1KcYSYVc3bpyU5sHEEueVapje4h43Kc/bFw1Datsn97OUJ1lrl4yDXMquGis3JRArrqrf9jdCCcBCSVmSIiOZcbSSRGXFDOSFe1EkBjhAeqRjrIhCohw0ulpGTxWpAv9iKsXSjilvydSFAgxCjzVGSDZF/O1Cfyv1kmkf+mkNIwTSUI8W+QnDMoITnKCXcoJlmykDMKcqr9C3EccYanSLKoQrPmTF03zzLAuDPPuvFSr5HEUwCE4AifAAmVQAzegDhoAgwfwBF7Aq/aoPWtv2vusdUnLZw7AH2mf31l7oGM=</latexit>

Actr := |'ctr| = 0.17MPl

<latexit sha1_base64="+3S+nI3IPIA/G6H7uzSvxmaElX4=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBRSmJKIqrghuXFewDmhAmk0k7dDIJM5NCCenCjb/ixoUibv0Hd/6N0zYLbT1w4XDOvdx7j58wKpVlfRulldW19Y3yZmVre2d3z9w/aMs4FZi0cMxi0fWRJIxy0lJUMdJNBEGRz0jHH95O/c6ICElj/qDGCXEj1Oc0pBgpLXnm8cjLHBFBhXju1GqTyaQQBApyz6xadWsGuEzsglRBgaZnfjlBjNOIcIUZkrJnW4lyMyQUxYzkFSeVJEF4iPqkpylHEZFuNvsih6daCWAYC11cwZn6eyJDkZTjyNedEVIDuehNxf+8XqrCazejPEkV4Xi+KEwZVDGcRgIDKghWbKwJwoLqWyEeIIGw0sFVdAj24svLpH1ety/r1v1FtXFTxFEGR+AEnAEbXIEGuANN0AIYPIJn8ArejCfjxXg3PuatJaOYOQR/YHz+AMQ/mLc=</latexit>vtan , vrad

<latexit sha1_base64="EK8MaYTsG6NlXoP4kX3+Qjpa2to=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKongqePFYwbSFNpTNdtMu3d2E3Y1YQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyW3udx6p0iyWD2aa0EDgkWQRI9jkUuNp4A6qNbfuzoFWiVeQGhRoDapf/WFMUkGlIRxr3fPcxAQZVoYRTmeVfqppgskEj2jPUokF1UE2v3WGzqwyRFGsbEmD5urviQwLracitJ0Cm7Fe9nLxP6+Xmug6yJhMUkMlWSyKUo5MjPLH0ZApSgyfWoKJYvZWRMZYYWJsPBUbgrf88ippN+reZd29v6g1b4o4ynACp3AOHlxBE+6gBT4QGMMzvMKbI5wX5935WLSWnGLmGP7A+fwBelyN1w==</latexit>

2x0



Gravitational-Wave Strain
      

<latexit sha1_base64="+dsryEcugy7mjWwPehCHkN22fP0=">AAACJXicbZBNSwJBHMZn7c3sbatjlyEJOojsimlEgtClo0G+gMoyO446ODu7zMxKstiH6dJX6dIhiaBTX6VZXaK0BwYent9/mPk/bsCoVJb1aaTW1jc2t9LbmZ3dvf0D8/CoIf1QYFLHPvNFy0WSMMpJXVHFSCsQBHkuI013dBPz5pgISX1+ryYB6XpowGmfYqR05JjXYyfqCA8qxKcVK2+XC51c7jFWAgTqxcCyfsCDY1VKebtYLDlmNiax4KqxE5MFiWqOOev0fBx6hCvMkJRt2wpUN0JCUczINNMJJQkQHqEBaWvLkUdkN5pvOYVnOunBvi/04QrO0983IuRJOfFcPekhNZTLLA7/Y+1Q9S+7EeVBqAjHi4f6IYPKh3FlsEcFwYpNtEFYUP1XiIdIIKx0sRldgr288qppFPL2Rd66K2arV0kdaXACTsE5sEEZVMEtqIE6wOAJvIA3MDOejVfj3fhYjKaM5M4x+CPj6xvp2KL2</latexit>

vtan = 0.172 , vrad = 0.002 , x0 = 6.1446



Gravitational-Wave Strain
      

<latexit sha1_base64="2uucSrU2JzU6a85gtnz2c1tNXzg=">AAACInicbVDLSsNAFJ34rPUVdelmsAguSkik1ioUCm5cVrAPaEqYTKft0MkkzEyKJdRfceOvuHGhqCvBj3HaRtDWAxcO59zLvff4EaNS2fansbS8srq2ntnIbm5t7+yae/t1GcYCkxoOWSiaPpKEUU5qiipGmpEgKPAZafiDq4nfGBIhachv1Sgi7QD1OO1SjJSWPPNi6CWuCKBCfFy2LadYKrj5/P0EqSNQRzs/4p1nl4uWUygUPTNnW/YUcJE4KcmBFFXPfHc7IY4DwhVmSMqWY0eqnSChKGZknHVjSSKEB6hHWppyFBDZTqYvjuGxVjqwGwpdXMGp+nsiQYGUo8DXnQFSfTnvTcT/vFasuqV2QnkUK8LxbFE3ZlCFcJIX7FBBsGIjTRAWVN8KcR8JhJVONatDcOZfXiT1U8s5s+ybQq5ymcaRAYfgCJwAB5yDCrgGVVADGDyAJ/ACXo1H49l4Mz5mrUtGOnMA/sD4+gZ2L6JR</latexit>

vtan = 0.1684 , vrad = 0 , x0 = 6.1446



Convergence: Phase
      

<latexit sha1_base64="2uucSrU2JzU6a85gtnz2c1tNXzg=">AAACInicbVDLSsNAFJ34rPUVdelmsAguSkik1ioUCm5cVrAPaEqYTKft0MkkzEyKJdRfceOvuHGhqCvBj3HaRtDWAxcO59zLvff4EaNS2fansbS8srq2ntnIbm5t7+yae/t1GcYCkxoOWSiaPpKEUU5qiipGmpEgKPAZafiDq4nfGBIhachv1Sgi7QD1OO1SjJSWPPNi6CWuCKBCfFy2LadYKrj5/P0EqSNQRzs/4p1nl4uWUygUPTNnW/YUcJE4KcmBFFXPfHc7IY4DwhVmSMqWY0eqnSChKGZknHVjSSKEB6hHWppyFBDZTqYvjuGxVjqwGwpdXMGp+nsiQYGUo8DXnQFSfTnvTcT/vFasuqV2QnkUK8LxbFE3ZlCFcJIX7FBBsGIjTRAWVN8KcR8JhJVONatDcOZfXiT1U8s5s+ybQq5ymcaRAYfgCJwAB5yDCrgGVVADGDyAJ/ACXo1H49l4Mz5mrUtGOnMA/sD4+gZ2L6JR</latexit>

vtan = 0.1684 , vrad = 0 , x0 = 6.1446

<latexit sha1_base64="76cBtQvK+Wg7nggI0frCT8QZi5A=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cwvF/rlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa2Lqn9Z9e5rlfpNHkcRTuAUzsGHK6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5AyDxjtU=</latexit>

 4

<latexit sha1_base64="GGbQ51CLd+0xRApqbgVzBtlu1lo=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbkIiiuKqIILLCvYBTSiT6aQdOjMJMxOhhIIbf8WNC0Xc+hPu/BsnbRbaeuDC4Zx7ufeeMGFUadf9tkpLyyura+X1ysbm1vaOvbvXUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDscXed++4FIRWNxr8cJCTgaCBpRjLSRevaBz5EeYsSym0nNT4b0BPqKcug6Xs+uuo47BVwkXkGqoECjZ3/5/RinnAiNGVKq67mJDjIkNcWMTCp+qkiC8AgNSNdQgThRQTb9YQKPjdKHUSxNCQ2n6u+JDHGlxjw0nfnFat7Lxf+8bqqjyyCjIkk1EXi2KEoZ1DHMA4F9KgnWbGwIwpKaWyEeIomwNrFVTAje/MuLpHXqeOeOe3dWrV8VcZTBITgCNeCBC1AHt6ABmgCDR/AMXsGb9WS9WO/Wx6y1ZBUz++APrM8fIo+WgA==</latexit>

E(�) ⇠ 0.1



Convergence: Amplitude
      

<latexit sha1_base64="2uucSrU2JzU6a85gtnz2c1tNXzg=">AAACInicbVDLSsNAFJ34rPUVdelmsAguSkik1ioUCm5cVrAPaEqYTKft0MkkzEyKJdRfceOvuHGhqCvBj3HaRtDWAxcO59zLvff4EaNS2fansbS8srq2ntnIbm5t7+yae/t1GcYCkxoOWSiaPpKEUU5qiipGmpEgKPAZafiDq4nfGBIhachv1Sgi7QD1OO1SjJSWPPNi6CWuCKBCfFy2LadYKrj5/P0EqSNQRzs/4p1nl4uWUygUPTNnW/YUcJE4KcmBFFXPfHc7IY4DwhVmSMqWY0eqnSChKGZknHVjSSKEB6hHWppyFBDZTqYvjuGxVjqwGwpdXMGp+nsiQYGUo8DXnQFSfTnvTcT/vFasuqV2QnkUK8LxbFE3ZlCFcJIX7FBBsGIjTRAWVN8KcR8JhJVONatDcOZfXiT1U8s5s+ybQq5ymcaRAYfgCJwAB5yDCrgGVVADGDyAJ/ACXo1H49l4Mz5mrUtGOnMA/sD4+gZ2L6JR</latexit>

vtan = 0.1684 , vrad = 0 , x0 = 6.1446

<latexit sha1_base64="76cBtQvK+Wg7nggI0frCT8QZi5A=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cwvF/rlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa2Lqn9Z9e5rlfpNHkcRTuAUzsGHK6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5AyDxjtU=</latexit>

 4

<latexit sha1_base64="IaCQQPxcz96wMBhN8yC2rNb1gMQ=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gKFaQkoiiuKiK4rGAf0IQymU7aoTOTMDMRSihu/BU3LhRx61e482+ctFlo9cCFwzn3cu89Qcyo0o7zZRUWFpeWV4qrpbX1jc0te3unpaJEYtLEEYtkJ0CKMCpIU1PNSCeWBPGAkXYwusr89j2RikbiTo9j4nM0EDSkGGkj9ew9jyM9xIil15Pq5SH0FOXQ9Y68Ss8uOzVnCviXuDkpgxyNnv3p9SOccCI0ZkipruvE2k+R1BQzMil5iSIxwiM0IF1DBeJE+en0hQmsGKUPw0iaEhpO1Z8TKeJKjXlgOrOD1byXif953USH535KRZxoIvBsUZgwqCOY5QH7VBKs2dgQhCU1t0I8RBJhbVIrmRDc+Zf/ktZxzT2tObcn5fpFHkcR7IMDUAUuOAN1cAMaoAkweABP4AW8Wo/Ws/Vmvc9aC1Y+swt+wfr4BuMHlcU=</latexit>

E(A) ⇠ 1%



4. Pan-pan



Disclaimer
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   Warning: Only gamble with time you can afford to lose!!! 

   E Lim:  ”Uli’s Ahab problem”        

   There might be no solution…



What’s the problem?
   We model complex scalar fields with 

   Recall single boson star: 

      Time evolution:      

   Amplitude + phase easier than Re + Im 

   Problem: Phase not defined at  

           Singular evolution equation for  

   I tried…       
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<latexit sha1_base64="9SvQe8X4zBl03j7AioAYlqiH/8s=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQKSURRXFVcKO7KvYBSSiT6aQdOpOEmUmhhPoNbvwVNy4UcevGnX/jJC2orQcuHM65l3vv8WNGpbKsL6OwsLi0vFJcLa2tb2xumds7TRklApMGjlgk2j6ShNGQNBRVjLRjQRD3GWn5g8vMbw2JkDQK79QoJh5HvZAGFCOlpY55lLoygLdk7LhDJOI+9dxK5T5DblzzH6Njlq2qlQPOE3tKymCKesf8dLsRTjgJFWZISse2YuWlSCiKGRmX3ESSGOEB6hFH0xBxIr00/2kMD7TShUEkdIUK5urviRRxKUfc150cqb6c9TLxP89JVHDupTSME0VCPFkUJAyqCGYBwS4VBCs20gRhQfWtEPeRQFjpGEs6BHv25XnSPK7ap1Xr5qRcu5jGUQR7YB8cAhucgRq4AnXQABg8gCfwAl6NR+PZeDPeJ60FYzqzC/7A+PgGzZieuA==</latexit>

Re['] , Im[']
<latexit sha1_base64="8HFqhYPuahmQ23oyJ3iZpjggNmk=">AAACD3icbVBNS8NAEN34WetX1aOXxaJUkJKIoghCxYtHBatCE8tmO22X7iZhd1Ioof/Ai3/FiwdFvHr15r9xW3Pw68HA470ZZuaFiRQGXffDmZicmp6ZLcwV5xcWl5ZLK6tXJk41hzqPZaxvQmZAigjqKFDCTaKBqVDCddg7HfnXfdBGxNElDhIIFOtEoi04Qys1S1t+n+mkKyq4o7fpMT2p6G24zTJfKyqGfqygwygOm6WyW3XHoH+Jl5MyyXHeLL37rZinCiLkkhnT8NwEg4xpFFzCsOinBhLGe6wDDUsjpsAE2fifId20Sou2Y20rQjpWv09kTBkzUKHtVAy75rc3Ev/zGim2D4NMREmKEPGvRe1UUozpKBzaEho4yoEljGthb6W8yzTjaCMs2hC83y//JVe7VW+/6l7slWtHeRwFsk42SIV45IDUyBk5J3XCyR15IE/k2bl3Hp0X5/WrdcLJZ9bIDzhvn/8Tm10=</latexit>

'(t, r) = A(r)ei!t

<latexit sha1_base64="3YDNYyHxWoD6NSelsm0tX8BuYWE=">AAACEXicbVDLSgNBEJz1GeMr6tHLYhAihLAriiIEErx4jGAekA1hdjJJBuexzPQKYYmf4MVf8eJBEa/evPk3ziY5aLSgoajqprsrjDgz4HlfzsLi0vLKamYtu76xubWd29ltGBVrQutEcaVbITaUM0nrwIDTVqQpFiGnzfD2MvWbd1QbpuQNjCLaEXggWZ8RDFbq5grVAhT1Ubla0EdBsXifIlCCDnA5EBiGWiRESQPjbi7vlbwJ3L/En5E8mqHWzX0GPUViQSUQjo1p+14EnQRrYITTcTaIDY0wucUD2rZUYkFNJ5l8NHYPrdJz+0rbkuBO1J8TCRbGjERoO9MrzbyXiv957Rj6552EySgGKsl0UT/mLig3jcftMU0J8JElmGhmb3XJEGtMwIaYtSH48y//JY3jkn9a8q5P8pWLWRwZtI8OUAH56AxV0BWqoToi6AE9oRf06jw6z86b8z5tXXBmM3voF5yPb5wbnOw=</latexit>

A(t, r) = A(r) , ! = const

<latexit sha1_base64="UuFdevRTFpYdjRXreqKObwSxnxo=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUQSh4MVjBfsBaSib7aZdutmE3UmhlP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0ylMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2SacYbLJGJbofUcCkUb6BAydup5jQOJW+Fw/uZ3xpxbUSinnCc8iCmfSUiwShaye+MqE4HgtwRt1uuuFV3DrJKvJxUIEe9W/7q9BKWxVwhk9QY33NTDCZUo2CST0udzPCUsiHtc99SRWNugsn85Ck5s0qPRIm2pZDM1d8TExobM45D2xlTHJhlbyb+5/kZRjfBRKg0Q67YYlGUSYIJmf1PekJzhnJsCWVa2FsJG1BNGdqUSjYEb/nlVdK8qHpXVffxslK7zeMowgmcwjl4cA01eIA6NIBBAs/wCm8OOi/Ou/OxaC04+cwx/IHz+QMg5JB3</latexit>

' = 0

<latexit sha1_base64="39KMvohJptz9BB79e/oSGmxUq3A=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUTwVvHisYj+gDWWz3bRLN9mwO1FK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B06hUM95gSirdDqjhUsS8gQIlbyea0yiQvBWMbqZ+65FrI1T8gOOE+xEdxCIUjKKVOt17MRgi1Vo99coVt+rOQJaJl5MK5Kj3yl/dvmJpxGNkkhrT8dwE/YxqFEzySambGp5QNqID3rE0phE3fjY7eUJOrNInodK2YiQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfiThJkcdsvihMJUFFpv+TvtCcoRxbQpkW9lbChlRThjalkg3BW3x5mTTPqt5F1b07r9Su8ziKcATHcAoeXEINbqEODWCg4Ble4c1B58V5dz7mrQUnnzmEP3A+fwCQBZFp</latexit>) <latexit sha1_base64="L0GzMEeINAtJCmkpKDVeO3SxIEQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKongKePEYwTwgWULvZJIMmZ0dZmYDYclHePGgiFe/x5t/4yTZg0YLGoqqbrq7IiW4sb7/5RXW1jc2t4rbpZ3dvf2D8uFR0ySppqxBE5HodoSGCS5Zw3IrWFtphnEkWCsa38391oRpwxP5aKeKhTEOJR9witZJre4EtRrxXrniV/0FyF8S5KQCOeq98me3n9A0ZtJSgcZ0Al/ZMENtORVsVuqmhimkYxyyjqMSY2bCbHHujJw5pU8GiXYlLVmoPycyjI2ZxpHrjNGOzKo3F//zOqkd3IQZlyq1TNLlokEqiE3I/HfS55pRK6aOINXc3UroCDVS6xIquRCC1Zf/kuZFNbiq+g+XldptHkcRTuAUziGAa6jBPdShARTG8AQv8Oop79l7896XrQUvnzmGX/A+vgF6NI+i</latexit>'



Summary of observations
   We model complex scalar fields with 

   Recall single boson star: 

      Time evolution:      

   Amplitude + phase easier than Re + Im 

   Problem: Phase not defined at  

           Singular evolution equation for  

   I tried… and failed.    
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<latexit sha1_base64="9SvQe8X4zBl03j7AioAYlqiH/8s=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQKSURRXFVcKO7KvYBSSiT6aQdOpOEmUmhhPoNbvwVNy4UcevGnX/jJC2orQcuHM65l3vv8WNGpbKsL6OwsLi0vFJcLa2tb2xumds7TRklApMGjlgk2j6ShNGQNBRVjLRjQRD3GWn5g8vMbw2JkDQK79QoJh5HvZAGFCOlpY55lLoygLdk7LhDJOI+9dxK5T5DblzzH6Njlq2qlQPOE3tKymCKesf8dLsRTjgJFWZISse2YuWlSCiKGRmX3ESSGOEB6hFH0xBxIr00/2kMD7TShUEkdIUK5urviRRxKUfc150cqb6c9TLxP89JVHDupTSME0VCPFkUJAyqCGYBwS4VBCs20gRhQfWtEPeRQFjpGEs6BHv25XnSPK7ap1Xr5qRcu5jGUQR7YB8cAhucgRq4AnXQABg8gCfwAl6NR+PZeDPeJ60FYzqzC/7A+PgGzZieuA==</latexit>

Re['] , Im[']
<latexit sha1_base64="8HFqhYPuahmQ23oyJ3iZpjggNmk=">AAACD3icbVBNS8NAEN34WetX1aOXxaJUkJKIoghCxYtHBatCE8tmO22X7iZhd1Ioof/Ai3/FiwdFvHr15r9xW3Pw68HA470ZZuaFiRQGXffDmZicmp6ZLcwV5xcWl5ZLK6tXJk41hzqPZaxvQmZAigjqKFDCTaKBqVDCddg7HfnXfdBGxNElDhIIFOtEoi04Qys1S1t+n+mkKyq4o7fpMT2p6G24zTJfKyqGfqygwygOm6WyW3XHoH+Jl5MyyXHeLL37rZinCiLkkhnT8NwEg4xpFFzCsOinBhLGe6wDDUsjpsAE2fifId20Sou2Y20rQjpWv09kTBkzUKHtVAy75rc3Ev/zGim2D4NMREmKEPGvRe1UUozpKBzaEho4yoEljGthb6W8yzTjaCMs2hC83y//JVe7VW+/6l7slWtHeRwFsk42SIV45IDUyBk5J3XCyR15IE/k2bl3Hp0X5/WrdcLJZ9bIDzhvn/8Tm10=</latexit>

'(t, r) = A(r)ei!t

<latexit sha1_base64="3YDNYyHxWoD6NSelsm0tX8BuYWE=">AAACEXicbVDLSgNBEJz1GeMr6tHLYhAihLAriiIEErx4jGAekA1hdjJJBuexzPQKYYmf4MVf8eJBEa/evPk3ziY5aLSgoajqprsrjDgz4HlfzsLi0vLKamYtu76xubWd29ltGBVrQutEcaVbITaUM0nrwIDTVqQpFiGnzfD2MvWbd1QbpuQNjCLaEXggWZ8RDFbq5grVAhT1Ubla0EdBsXifIlCCDnA5EBiGWiRESQPjbi7vlbwJ3L/En5E8mqHWzX0GPUViQSUQjo1p+14EnQRrYITTcTaIDY0wucUD2rZUYkFNJ5l8NHYPrdJz+0rbkuBO1J8TCRbGjERoO9MrzbyXiv957Rj6552EySgGKsl0UT/mLig3jcftMU0J8JElmGhmb3XJEGtMwIaYtSH48y//JY3jkn9a8q5P8pWLWRwZtI8OUAH56AxV0BWqoToi6AE9oRf06jw6z86b8z5tXXBmM3voF5yPb5wbnOw=</latexit>

A(t, r) = A(r) , ! = const

<latexit sha1_base64="UuFdevRTFpYdjRXreqKObwSxnxo=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUQSh4MVjBfsBaSib7aZdutmE3UmhlP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0ylMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2SacYbLJGJbofUcCkUb6BAydup5jQOJW+Fw/uZ3xpxbUSinnCc8iCmfSUiwShaye+MqE4HgtwRt1uuuFV3DrJKvJxUIEe9W/7q9BKWxVwhk9QY33NTDCZUo2CST0udzPCUsiHtc99SRWNugsn85Ck5s0qPRIm2pZDM1d8TExobM45D2xlTHJhlbyb+5/kZRjfBRKg0Q67YYlGUSYIJmf1PekJzhnJsCWVa2FsJG1BNGdqUSjYEb/nlVdK8qHpXVffxslK7zeMowgmcwjl4cA01eIA6NIBBAs/wCm8OOi/Ou/OxaC04+cwx/IHz+QMg5JB3</latexit>

' = 0

<latexit sha1_base64="39KMvohJptz9BB79e/oSGmxUq3A=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUTwVvHisYj+gDWWz3bRLN9mwO1FK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B06hUM95gSirdDqjhUsS8gQIlbyea0yiQvBWMbqZ+65FrI1T8gOOE+xEdxCIUjKKVOt17MRgi1Vo99coVt+rOQJaJl5MK5Kj3yl/dvmJpxGNkkhrT8dwE/YxqFEzySambGp5QNqID3rE0phE3fjY7eUJOrNInodK2YiQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfiThJkcdsvihMJUFFpv+TvtCcoRxbQpkW9lbChlRThjalkg3BW3x5mTTPqt5F1b07r9Su8ziKcATHcAoeXEINbqEODWCg4Ble4c1B58V5dz7mrQUnnzmEP3A+fwCQBZFp</latexit>) <latexit sha1_base64="L0GzMEeINAtJCmkpKDVeO3SxIEQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKongKePEYwTwgWULvZJIMmZ0dZmYDYclHePGgiFe/x5t/4yTZg0YLGoqqbrq7IiW4sb7/5RXW1jc2t4rbpZ3dvf2D8uFR0ySppqxBE5HodoSGCS5Zw3IrWFtphnEkWCsa38391oRpwxP5aKeKhTEOJR9witZJre4EtRrxXrniV/0FyF8S5KQCOeq98me3n9A0ZtJSgcZ0Al/ZMENtORVsVuqmhimkYxyyjqMSY2bCbHHujJw5pU8GiXYlLVmoPycyjI2ZxpHrjNGOzKo3F//zOqkd3IQZlyq1TNLlokEqiE3I/HfS55pRK6aOINXc3UroCDVS6xIquRCC1Zf/kuZFNbiq+g+XldptHkcRTuAUziGAa6jBPdShARTG8AQv8Oop79l7896XrQUvnzmGX/A+vgF6NI+i</latexit>'

   Amplitude + phase 

   Log measures 

   Fluid analogy for scalar fields 

   Riemann sphere with patches



5. Summary



Summary
   Motivation: Dark matter, BSs as proxies  

   Clean problem 

   Long-lived BS afterglow 

   Long, accurate inspirals not easy but looks doable 

   Find better formalisms?
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