
Neutron star phase transition 
Probed via interfacial modes

Yiqiu Ma

Huazhong University of Science and Technology

2023-Sep-24

Phys. Rev. D 107, 083023

Yangzhou, QCS-2023 



Outline

1: Neutron star structure and exotic dense matter phase

2: First order phase transition in NSs 

3: Neutron star seismology and Interfacial mode 

4: Detectability using gravitational waves

5: Discussions and Outlook



Neutron star structure

Densest Star

Strong interacting  
matters

Can form binary  
GW source

Radio Pulsars



Neutron star matter: Crust+Mantle

Matter phase 
 in an NS 

Nuclear Pasta phase 
 in an NS: crust-core transition 

Shear modulus could jump



Neutron star matter: Inside the core

Possible   
Hadron-Quark 

Phase transition 

1st 0rder transition

Corresp. 
EoS

Corresp. 
M-R 

“Twin-star” 

Alford, Han, and Prakash, Phys. Rev. D 88, 083013 (2013)



Constraint the Matter Phase
M-R relation example: NS/HS

(adiabatic) Tidal deformability

A question:

Resolve detailed  
Structure of EoS?



Detailed structure of EoS

Possible  “weak 
1st 0rder transition”

EoS M-R 

Negligible 

Emergence of new  
baryonic state? 

Construct a weak 1st PT on the SLy4 



Probing weak phase transitions?

rµ
<latexit sha1_base64="w/YZDwa95xVnbhtJKDLW3uyqjRg=">AAAB7HicdZDNSsNAFIVv6l+tf1WXbgaL4KokbW1cFt24rGDaQhvKZDpph04mYWYilNBncONCEbc+kDvfxklbQUUPDHycey9z7wkSzpS27Q+rsLa+sblV3C7t7O7tH5QPjzoqTiWhHol5LHsBVpQzQT3NNKe9RFIcBZx2g+l1Xu/eU6lYLO70LKF+hMeChYxgbSxPDgdROixX7Kpt113XQTnYbrO5hMZFEzk5GFVgpfaw/D4YxSSNqNCEY6X6jp1oP8NSM8LpvDRIFU0wmeIx7RsUOKLKzxbLztGZcUYojKV5QqOF+30iw5FSsygwnRHWE/W7lpt/1fqpDi/9jIkk1VSQ5UdhypGOUX45GjFJieYzA5hIZnZFZIIlJtrkUzIhfF2K/odOrerUq7XbRqV1tYqjCCdwCufggAstuIE2eECAwQM8wbMlrEfrxXpdthas1cwx/JD19gkzX47z</latexit>

r⇢
<latexit sha1_base64="gAhVNJsrUtx+GgnXiPX06aovzZg=">AAAB7XicdZDLSgMxFIbP1Futt6pLN8EiuCoztXZcFt24rGAv0A4lk2ba2EwyJBmhlL6DGxeKuPV93Pk2ZtoKKvpD4OM/55Bz/jDhTBvX/XByK6tr6xv5zcLW9s7uXnH/oKVlqghtEsml6oRYU84EbRpmOO0kiuI45LQdjq+yevueKs2kuDWThAYxHgoWMYKNtVqq31Mj2S+W3LLrnvm+hzJw/VptAdXzGvIysCrBUo1+8b03kCSNqTCEY627npuYYIqVYYTTWaGXappgMsZD2rUocEx1MJ1vO0Mn1hmgSCr7hEFz9/vEFMdaT+LQdsbYjPTvWmb+VeumJroIpkwkqaGCLD6KUo6MRNnpaMAUJYZPLGCimN0VkRFWmBgbUMGG8HUp+h9albJ3Vq7cVEv1y2UceTiCYzgFD3yowzU0oAkE7uABnuDZkc6j8+K8LlpzznLmEH7IefsE9nOPZA==</latexit>

'
<latexit sha1_base64="3gjeDWeCREwTD6YUC9coxnet/EY=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJdFNy4r2Ae0Q8mkmTY0yYQkUyhDP8KNC0Xc+j3u/BvTdhbaeuDC4Zx7ufeeSHFmrO9/e4W19Y3NreJ2aWd3b/+gfHjUNEmqCW2QhCe6HWFDOZO0YZnltK00xSLitBWN7md+a0y1YYl8shNFQ4EHksWMYOukVneMtRqyXrniV/050CoJclKBHPVe+avbT0gqqLSEY2M6ga9smGFtGeF0WuqmhipMRnhAO45KLKgJs/m5U3TmlD6KE+1KWjRXf09kWBgzEZHrFNgOzbI3E//zOqmNb8OMSZVaKsliUZxyZBM0+x31mabE8okjmGjmbkVkiDUm1iVUciEEyy+vkuZFNbisXj9eVWp3eRxFOIFTOIcAbqAGD1CHBhAYwTO8wpunvBfv3ftYtBa8fOYY/sD7/AF9jo+t</latexit>

EoS SKI6 RS SLY4 APR4 DD2 DDME2 TW DD-LZ1
⇤ 488 597 299 248 682 712 406 722

⇤PT 496 651 303 260 714 738 424 755
<latexit sha1_base64="dlYkz/kD3s5MdFuHy/50zT3hjfM="></latexit>

Density discontinuity effect on the tidal deformability
Minor!

Density discontinuity effect on the M-R

Minor!

Only dynamical tide helps!



Neutron star seismology

These oscillation modes are affected by EoS, e.g. � =
dlnP

dln⇢
<latexit sha1_base64="f5EsCL0jPNjQWMwlMF1llspp+CY=">AAACEXicbZDLSsNAFIYn9VbrLerSzWARuiqJF3QjFF3osoK9QBPKZDJph85MwsxEKCGv4MZXceNCEbfu3Pk2TtsIWv1h4OM/53Dm/EHCqNKO82mVFhaXllfKq5W19Y3NLXt7p63iVGLSwjGLZTdAijAqSEtTzUg3kQTxgJFOMLqc1Dt3RCoai1s9TojP0UDQiGKkjdW3a94V4hyde5FEOAth5kkOmcibeRZ+syeHcd63q07dmQr+BbeAKijU7NsfXhjjlBOhMUNK9Vwn0X6GpKaYkbzipYokCI/QgPQMCsSJ8rPpRTk8ME4Io1iaJzScuj8nMsSVGvPAdHKkh2q+NjH/q/VSHZ35GRVJqonAs0VRyqCO4SQeGFJJsGZjAwhLav4K8RCZbLQJsWJCcOdP/gvtw7p7VD+5Oa42Loo4ymAP7IMacMEpaIBr0AQtgME9eATP4MV6sJ6sV+tt1lqyipld8EvW+xchp53d</latexit>

Can be excited by tidal motion, and NS coalescence

Can couple to the orbital motion, and affect GW radiation



Neutron star Interfacial mode

rµ
<latexit sha1_base64="w/YZDwa95xVnbhtJKDLW3uyqjRg=">AAAB7HicdZDNSsNAFIVv6l+tf1WXbgaL4KokbW1cFt24rGDaQhvKZDpph04mYWYilNBncONCEbc+kDvfxklbQUUPDHycey9z7wkSzpS27Q+rsLa+sblV3C7t7O7tH5QPjzoqTiWhHol5LHsBVpQzQT3NNKe9RFIcBZx2g+l1Xu/eU6lYLO70LKF+hMeChYxgbSxPDgdROixX7Kpt113XQTnYbrO5hMZFEzk5GFVgpfaw/D4YxSSNqNCEY6X6jp1oP8NSM8LpvDRIFU0wmeIx7RsUOKLKzxbLztGZcUYojKV5QqOF+30iw5FSsygwnRHWE/W7lpt/1fqpDi/9jIkk1VSQ5UdhypGOUX45GjFJieYzA5hIZnZFZIIlJtrkUzIhfF2K/odOrerUq7XbRqV1tYqjCCdwCufggAstuIE2eECAwQM8wbMlrEfrxXpdthas1cwx/JD19gkzX47z</latexit>

r⇢
<latexit sha1_base64="gAhVNJsrUtx+GgnXiPX06aovzZg=">AAAB7XicdZDLSgMxFIbP1Futt6pLN8EiuCoztXZcFt24rGAv0A4lk2ba2EwyJBmhlL6DGxeKuPV93Pk2ZtoKKvpD4OM/55Bz/jDhTBvX/XByK6tr6xv5zcLW9s7uXnH/oKVlqghtEsml6oRYU84EbRpmOO0kiuI45LQdjq+yevueKs2kuDWThAYxHgoWMYKNtVqq31Mj2S+W3LLrnvm+hzJw/VptAdXzGvIysCrBUo1+8b03kCSNqTCEY627npuYYIqVYYTTWaGXappgMsZD2rUocEx1MJ1vO0Mn1hmgSCr7hEFz9/vEFMdaT+LQdsbYjPTvWmb+VeumJroIpkwkqaGCLD6KUo6MRNnpaMAUJYZPLGCimN0VkRFWmBgbUMGG8HUp+h9albJ3Vq7cVEv1y2UceTiCYzgFD3yowzU0oAkE7uABnuDZkc6j8+K8LlpzznLmEH7IefsE9nOPZA==</latexit>

'
<latexit sha1_base64="3gjeDWeCREwTD6YUC9coxnet/EY=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJdFNy4r2Ae0Q8mkmTY0yYQkUyhDP8KNC0Xc+j3u/BvTdhbaeuDC4Zx7ufeeSHFmrO9/e4W19Y3NreJ2aWd3b/+gfHjUNEmqCW2QhCe6HWFDOZO0YZnltK00xSLitBWN7md+a0y1YYl8shNFQ4EHksWMYOukVneMtRqyXrniV/050CoJclKBHPVe+avbT0gqqLSEY2M6ga9smGFtGeF0WuqmhipMRnhAO45KLKgJs/m5U3TmlD6KE+1KWjRXf09kWBgzEZHrFNgOzbI3E//zOqmNb8OMSZVaKsliUZxyZBM0+x31mabE8okjmGjmbkVkiDUm1iVUciEEyy+vkuZFNbisXj9eVWp3eRxFOIFTOIcAbqAGD1CHBhAYwTO8wpunvBfv3ftYtBa8fOYY/sD7/AF9jo+t</latexit>

Shear Modulus 
Discontinuity 

Interface

Density 
Discontinuity 

Interface

The ModelThe ModelThe ModelThe ModelThe ModelThe ModelThe Model

Target



Neutron star Interfacial mode- iµ
<latexit sha1_base64="nzmrrSW/VpoH9eoXU02wpLXVCvg=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4juCaQLGF2MpsMmZld5iGEJd/gxYMiXv0gb/6Nk2QPmljQUFR1090VZ5xp4/vfXmlldW19o7xZ2dre2d2r7h886tQqQkOS8lS1Y6wpZ5KGhhlO25miWMSctuLR7dRvPVGlWSofzDijkcADyRJGsHFSyHpdYXvVml/3Z0DLJChIDQo0e9Wvbj8lVlBpCMdadwI/M1GOlWGE00mlazXNMBnhAe04KrGgOspnx07QiVP6KEmVK2nQTP09kWOh9VjErlNgM9SL3lT8z+tYk1xHOZOZNVSS+aLEcmRSNP0c9ZmixPCxI5go5m5FZIgVJsblU3EhBIsvL5PHs3pwXr+8v6g1boo4ynAEx3AKAVxBA+6gCSEQYPAMr/DmSe/Fe/c+5q0lr5g5hD/wPn8A22SOuQ==</latexit>

Wave function of the shear  
interfacial mode

Solid line: Pure shear interfacial mode

Low frequency

Strong interfacial 
Excitations

Large orbital coupling



Neutron star Interfacial mode- iµ
<latexit sha1_base64="nzmrrSW/VpoH9eoXU02wpLXVCvg=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4juCaQLGF2MpsMmZld5iGEJd/gxYMiXv0gb/6Nk2QPmljQUFR1090VZ5xp4/vfXmlldW19o7xZ2dre2d2r7h886tQqQkOS8lS1Y6wpZ5KGhhlO25miWMSctuLR7dRvPVGlWSofzDijkcADyRJGsHFSyHpdYXvVml/3Z0DLJChIDQo0e9Wvbj8lVlBpCMdadwI/M1GOlWGE00mlazXNMBnhAe04KrGgOspnx07QiVP6KEmVK2nQTP09kWOh9VjErlNgM9SL3lT8z+tYk1xHOZOZNVSS+aLEcmRSNP0c9ZmixPCxI5go5m5FZIgVJsblU3EhBIsvL5PHs3pwXr+8v6g1boo4ynAEx3AKAVxBA+6gCSEQYPAMr/DmSe/Fe/c+5q0lr5g5hD/wPn8A22SOuQ==</latexit>

Wave function of the shear  
interfacial mode—Introduce PT at 

Domin: Free-slipping fluid r⇢ < r < rµ
<latexit sha1_base64="xCibYEiE6ms/mueCPlUB8oswZb0=">AAAB9XicbZDJSgNBEIZr4hbjFvXopTEInsKMC3rIIejFYwSzQDKGnk5P0qSXobtHCUPew4sHRbz6Lt58GzvLQaM/NHz8VUVV/1HCmbG+/+XllpZXVtfy64WNza3tneLuXsOoVBNaJ4or3YqwoZxJWrfMctpKNMUi4rQZDa8n9eYD1YYpeWdHCQ0F7ksWM4Kts+51t6MHqqIrDkTaLZb8sj8V+gvBHEowV61b/Oz0FEkFlZZwbEw78BMbZlhbRjgdFzqpoQkmQ9ynbYcSC2rCbHr1GB05p4dipd2TFk3dnxMZFsaMROQ6BbYDs1ibmP/V2qmNL8OMySS1VJLZojjlyCo0iQD1mKbE8pEDTDRztyIywBoT64IquBCCxS//hcZJOTgtn9+elapX8zjycACHcAwBXEAVbqAGdSCg4Qle4NV79J69N+991prz5jP78Evexzdy65J8</latexit>

r⇢
<latexit sha1_base64="KPaKrYS3dfMNQZquE0Xw5kp4vzQ=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWZ8oMuiG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wj26nfemLacCUf7DhhQUwGkkecEuukpu519VD1yhWv6s2Al4mfkwrkqPfKX92+omnMpKWCGNPxvcQGGdGWU8EmpW5qWELoiAxYx1FJYmaCbHbtBJ84pY8jpV1Ji2fq74mMxMaM49B1xsQOzaI3Ff/zOqmNroOMyyS1TNL5oigV2Co8fR33uWbUirEjhGrubsV0SDSh1gVUciH4iy8vk+ZZ1T+vXt5fVGo3eRxFOIJjOAUfrqAGd1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD6xPjzM=</latexit>

Wavefunction  
Strongly modified!

Dashed line：



Neutron star Interfacial mode- i⇢
<latexit sha1_base64="cFA2PvkNJW31+SuyvD4s9sJNXH0=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWZ8oMuiG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wj26nfemLacCUf7DhhQUwGkkecEuukJu919VD1yhWv6s2Al4mfkwrkqPfKX92+omnMpKWCGNPxvcQGGdGWU8EmpW5qWELoiAxYx1FJYmaCbHbtBJ84pY8jpV1Ji2fq74mMxMaM49B1xsQOzaI3Ff/zOqmNroOMyyS1TNL5oigV2Co8fR33uWbUirEjhGrubsV0SDSh1gVUciH4iy8vk+ZZ1T+vXt5fVGo3eRxFOIJjOAUfrqAGd1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD55+jyo=</latexit>

Wave function of the density  
interfacial mode

Domin: Core fluid r > r⇢
<latexit sha1_base64="R2C1kxivXUxfI56l5fyet2pN9sc=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuyowPdCVFNy4r2Ae0Q8mkmTY0k4xJRihDf8KNC0Xc+jvu/BvTdhbaeuDC4Zx7ufeeMBHcWM/7RkvLK6tr64WN4ubW9s5uaW+/YVSqKatTJZRuhcQwwSWrW24FayWakTgUrBkObyd+84lpw5V8sKOEBTHpSx5xSqyTWvpadzt6oLqlslfxpsCLxM9JGXLUuqWvTk/RNGbSUkGMafteYoOMaMupYONiJzUsIXRI+qztqCQxM0E2vXeMj53Sw5HSrqTFU/X3REZiY0Zx6DpjYgdm3puI/3nt1EZXQcZlklom6WxRlApsFZ48j3tcM2rFyBFCNXe3YjogmlDrIiq6EPz5lxdJ47Tin1Uu7s/L1Zs8jgIcwhGcgA+XUIU7qEEdKAh4hld4Q4/oBb2jj1nrEspnDuAP0OcPBZ2P9w==</latexit>

Similar to 
Kelvin-Helmholtz mode

Higher frequency
Strong interfacial 

Excitations

Large orbital coupling



Neutron star Interfacial mode- i⇢
<latexit sha1_base64="cFA2PvkNJW31+SuyvD4s9sJNXH0=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWZ8oMuiG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wj26nfemLacCUf7DhhQUwGkkecEuukJu919VD1yhWv6s2Al4mfkwrkqPfKX92+omnMpKWCGNPxvcQGGdGWU8EmpW5qWELoiAxYx1FJYmaCbHbtBJ84pY8jpV1Ji2fq74mMxMaM49B1xsQOzaI3Ff/zOqmNroOMyyS1TNL5oigV2Co8fR33uWbUirEjhGrubsV0SDSh1gVUciH4iy8vk+ZZ1T+vXt5fVGo3eRxFOIJjOAUfrqAGd1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD55+jyo=</latexit>

Wave function of the density  
interfacial mode

Domin: Core fluid r > r⇢
<latexit sha1_base64="R2C1kxivXUxfI56l5fyet2pN9sc=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuyowPdCVFNy4r2Ae0Q8mkmTY0k4xJRihDf8KNC0Xc+jvu/BvTdhbaeuDC4Zx7ufeeMBHcWM/7RkvLK6tr64WN4ubW9s5uaW+/YVSqKatTJZRuhcQwwSWrW24FayWakTgUrBkObyd+84lpw5V8sKOEBTHpSx5xSqyTWvpadzt6oLqlslfxpsCLxM9JGXLUuqWvTk/RNGbSUkGMafteYoOMaMupYONiJzUsIXRI+qztqCQxM0E2vXeMj53Sw5HSrqTFU/X3REZiY0Zx6DpjYgdm3puI/3nt1EZXQcZlklom6WxRlApsFZ48j3tcM2rFyBFCNXe3YjogmlDrIiq6EPz5lxdJ47Tin1Uu7s/L1Zs8jgIcwhGcgA+XUIU7qEEdKAh4hld4Q4/oBb2jj1nrEspnDuAP0OcPBZ2P9w==</latexit>

Dashed line

Wavefunction  
Slightly modified!



Mode mixing of i⇢
<latexit sha1_base64="cFA2PvkNJW31+SuyvD4s9sJNXH0=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWZ8oMuiG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wj26nfemLacCUf7DhhQUwGkkecEuukJu919VD1yhWv6s2Al4mfkwrkqPfKX92+omnMpKWCGNPxvcQGGdGWU8EmpW5qWELoiAxYx1FJYmaCbHbtBJ84pY8jpV1Ji2fq74mMxMaM49B1xsQOzaI3Ff/zOqmNroOMyyS1TNL5oigV2Co8fR33uWbUirEjhGrubsV0SDSh1gVUciH4iy8vk+ZZ1T+vXt5fVGo3eRxFOIJjOAUfrqAGd1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD55+jyo=</latexit>

iµ
<latexit sha1_base64="nzmrrSW/VpoH9eoXU02wpLXVCvg=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4juCaQLGF2MpsMmZld5iGEJd/gxYMiXv0gb/6Nk2QPmljQUFR1090VZ5xp4/vfXmlldW19o7xZ2dre2d2r7h886tQqQkOS8lS1Y6wpZ5KGhhlO25miWMSctuLR7dRvPVGlWSofzDijkcADyRJGsHFSyHpdYXvVml/3Z0DLJChIDQo0e9Wvbj8lVlBpCMdadwI/M1GOlWGE00mlazXNMBnhAe04KrGgOspnx07QiVP6KEmVK2nQTP09kWOh9VjErlNgM9SL3lT8z+tYk1xHOZOZNVSS+aLEcmRSNP0c9ZmixPCxI5go5m5FZIgVJsblU3EhBIsvL5PHs3pwXr+8v6g1boo4ynAEx3AKAVxBA+6gCSEQYPAMr/DmSe/Fe/c+5q0lr5g5hD/wPn8A22SOuQ==</latexit>

H = ( ⇠µ, ⇠⇢ )

✓
!µ ✏
✏ !⇢

◆✓
⇠µ
⇠⇢

◆

<latexit sha1_base64="SW/WdrySG9RAEXuqLN6ofMo9BBM="></latexit>

!̃⇢ =
1

2
[!µ + !⇢ +

q
(!µ � !⇢)2 + 4✏2] > !⇢,

!̃µ =
1

2
[!µ + !⇢ �

q
(!µ � !⇢)2 + 4✏2] < !µ,

<latexit sha1_base64="1076tF3HnvCABB+Rq64gpDG/ANA="></latexit>

Hamiltonian 

Avoid crossing

Significant Overlap 
Between 

i⇢
<latexit sha1_base64="cFA2PvkNJW31+SuyvD4s9sJNXH0=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWZ8oMuiG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wj26nfemLacCUf7DhhQUwGkkecEuukJu919VD1yhWv6s2Al4mfkwrkqPfKX92+omnMpKWCGNPxvcQGGdGWU8EmpW5qWELoiAxYx1FJYmaCbHbtBJ84pY8jpV1Ji2fq74mMxMaM49B1xsQOzaI3Ff/zOqmNroOMyyS1TNL5oigV2Co8fR33uWbUirEjhGrubsV0SDSh1gVUciH4iy8vk+ZZ1T+vXt5fVGo3eRxFOIJjOAUfrqAGd1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD55+jyo=</latexit>

iµ
<latexit sha1_base64="nzmrrSW/VpoH9eoXU02wpLXVCvg=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4juCaQLGF2MpsMmZld5iGEJd/gxYMiXv0gb/6Nk2QPmljQUFR1090VZ5xp4/vfXmlldW19o7xZ2dre2d2r7h886tQqQkOS8lS1Y6wpZ5KGhhlO25miWMSctuLR7dRvPVGlWSofzDijkcADyRJGsHFSyHpdYXvVml/3Z0DLJChIDQo0e9Wvbj8lVlBpCMdadwI/M1GOlWGE00mlazXNMBnhAe04KrGgOspnx07QiVP6KEmVK2nQTP09kWOh9VjErlNgM9SL3lT8z+tYk1xHOZOZNVSS+aLEcmRSNP0c9ZmixPCxI5go5m5FZIgVJsblU3EhBIsvL5PHs3pwXr+8v6g1boo4ynAEx3AKAVxBA+6gCSEQYPAMr/DmSe/Fe/c+5q0lr5g5hD/wPn8A22SOuQ==</latexit>



Extremal case: coincide interfaces



Quark-core affected Neutron star Interfacial mode- iµ
<latexit sha1_base64="nzmrrSW/VpoH9eoXU02wpLXVCvg=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4juCaQLGF2MpsMmZld5iGEJd/gxYMiXv0gb/6Nk2QPmljQUFR1090VZ5xp4/vfXmlldW19o7xZ2dre2d2r7h886tQqQkOS8lS1Y6wpZ5KGhhlO25miWMSctuLR7dRvPVGlWSofzDijkcADyRJGsHFSyHpdYXvVml/3Z0DLJChIDQo0e9Wvbj8lVlBpCMdadwI/M1GOlWGE00mlazXNMBnhAe04KrGgOspnx07QiVP6KEmVK2nQTP09kWOh9VjErlNgM9SL3lT8z+tYk1xHOZOZNVSS+aLEcmRSNP0c9ZmixPCxI5go5m5FZIgVJsblU3EhBIsvL5PHs3pwXr+8v6g1boo4ynAEx3AKAVxBA+6gCSEQYPAMr/DmSe/Fe/c+5q0lr5g5hD/wPn8A22SOuQ==</latexit>

Wave function of the shear  
interfacial mode



Quark-core affected Neutron star Interfacial mode- iµ
<latexit sha1_base64="nzmrrSW/VpoH9eoXU02wpLXVCvg=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4juCaQLGF2MpsMmZld5iGEJd/gxYMiXv0gb/6Nk2QPmljQUFR1090VZ5xp4/vfXmlldW19o7xZ2dre2d2r7h886tQqQkOS8lS1Y6wpZ5KGhhlO25miWMSctuLR7dRvPVGlWSofzDijkcADyRJGsHFSyHpdYXvVml/3Z0DLJChIDQo0e9Wvbj8lVlBpCMdadwI/M1GOlWGE00mlazXNMBnhAe04KrGgOspnx07QiVP6KEmVK2nQTP09kWOh9VjErlNgM9SL3lT8z+tYk1xHOZOZNVSS+aLEcmRSNP0c9ZmixPCxI5go5m5FZIgVJsblU3EhBIsvL5PHs3pwXr+8v6g1boo4ynAEx3AKAVxBA+6gCSEQYPAMr/DmSe/Fe/c+5q0lr5g5hD/wPn8A22SOuQ==</latexit>

Trend of  the interfacial mode frequency affected by Quark core

Avoid crossing  
dominate

Radius  
decrease

See Miao’s talk for the i-mode related to the hadron-quark interface



Binary NS system and Gravitational waves

NS/HS
<latexit sha1_base64="UYEC+ZiQH+MfVfbczQ7hXSk/IyQ=">AAAB7HicbVA9TwJBEJ31E/ELtbTZSEys8A4LLYk2VAaDByRwIXvLHmzY27vs7pmQC7/BxkJjbP1Bdv4bF7hCwZdM8vLeTGbmBYng2jjON1pb39jc2i7sFHf39g8OS0fHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+G7mt5+Y0jyWj2aSMD8iQ8lDTomxknffvKw3+6WyU3HmwKvEzUkZcjT6pa/eIKZpxKShgmjddZ3E+BlRhlPBpsVeqllC6JgMWddSSSKm/Wx+7BSfW2WAw1jZkgbP1d8TGYm0nkSB7YyIGellbyb+53VTE974GZdJapiki0VhKrCJ8exzPOCKUSMmlhCquL0V0xFRhBqbT9GG4C6/vEpa1Yp7Vak+VMu12zyOApzCGVyAC9dQgzo0wAMKHJ7hFd6QRC/oHX0sWtdQPnMCf4A+fwDtxI4Z</latexit>

Compact star
<latexit sha1_base64="OR04moIPfxS3UlvKyD5j69Aglhg=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4Krv1oMdiLx4r2A9ol5JNs21oslmSWaGU/g0vHhTx6p/x5r8xbfegrQ8GHu/NJDMvSqWw6Pvf3sbm1vbObmGvuH9weHRcOjltWZ0ZxptMS206EbVcioQ3UaDkndRwqiLJ29G4PvfbT9xYoZNHnKQ8VHSYiFgwik7q1bVKKUNikZp+qexX/AXIOglyUoYcjX7pqzfQLFM8QSaptd3ATzGcUoOCST4r9jLL3etjOuRdRxOquA2ni51n5NIpAxJr4ypBslB/T0ypsnaiItepKI7sqjcX//O6Gca34VQkaYY8YcuP4kwS1GQeABkIwxnKiSOUGeF2JWxEjUvBxVR0IQSrJ6+TVrUSXFeqD9Vy7S6PowDncAFXEMAN1OAeGtAEBik8wyu8eZn34r17H8vWDS+fOYM/8D5/AOSokZU=</latexit>

D
<latexit sha1_base64="WoflC9OsYADNdO+14nzcYBdCAmo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5i3jMw=</latexit>

⇠(r, t)
<latexit sha1_base64="qTGO3UeahR+uE/cz+F9j/4UGe+w=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBItQQUpSBV0W3bisYB/QhDKZTtqhk0mYmagl9lPcuFDErV/izr9x0mahrQcGDufcyz1z/JhRqWz72yisrK6tbxQ3S1vbO7t7Znm/LaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/fJ35nXsiJI34nZrExAvRkNOAYqS01DfL7iOtuiFSIz9IxfRUnfTNil2zZ7CWiZOTCuRo9s0vdxDhJCRcYYak7Dl2rLwUCUUxI9OSm0gSIzxGQ9LTlKOQSC+dRZ9ax1oZWEEk9OPKmqm/N1IUSjkJfT2ZhZSLXib+5/USFVx6KeVxogjH80NBwiwVWVkP1oAKghWbaIKwoDqrhUdIIKx0WyVdgrP45WXSrtecs1r99rzSuMrrKMIhHEEVHLiABtxAE1qA4QGe4RXejCfjxXg3PuajBSPfOYA/MD5/AOBFk78=</latexit>

Carry information of EoS

Masses, Tidal deformability

Orbital-internal mode coupling

äm + !2
↵am + �ȧm =

GMW2mQ2m

D3(t)
e�im�(t).

<latexit sha1_base64="z0IxFuG+ZJrpNmcKI9aQKH7qNFI="></latexit>

Overlap between orbital  
and internal mode



Binary NS system probing transitions?

rµ
<latexit sha1_base64="w/YZDwa95xVnbhtJKDLW3uyqjRg=">AAAB7HicdZDNSsNAFIVv6l+tf1WXbgaL4KokbW1cFt24rGDaQhvKZDpph04mYWYilNBncONCEbc+kDvfxklbQUUPDHycey9z7wkSzpS27Q+rsLa+sblV3C7t7O7tH5QPjzoqTiWhHol5LHsBVpQzQT3NNKe9RFIcBZx2g+l1Xu/eU6lYLO70LKF+hMeChYxgbSxPDgdROixX7Kpt113XQTnYbrO5hMZFEzk5GFVgpfaw/D4YxSSNqNCEY6X6jp1oP8NSM8LpvDRIFU0wmeIx7RsUOKLKzxbLztGZcUYojKV5QqOF+30iw5FSsygwnRHWE/W7lpt/1fqpDi/9jIkk1VSQ5UdhypGOUX45GjFJieYzA5hIZnZFZIIlJtrkUzIhfF2K/odOrerUq7XbRqV1tYqjCCdwCufggAstuIE2eECAwQM8wbMlrEfrxXpdthas1cwx/JD19gkzX47z</latexit>

r⇢
<latexit sha1_base64="gAhVNJsrUtx+GgnXiPX06aovzZg=">AAAB7XicdZDLSgMxFIbP1Futt6pLN8EiuCoztXZcFt24rGAv0A4lk2ba2EwyJBmhlL6DGxeKuPV93Pk2ZtoKKvpD4OM/55Bz/jDhTBvX/XByK6tr6xv5zcLW9s7uXnH/oKVlqghtEsml6oRYU84EbRpmOO0kiuI45LQdjq+yevueKs2kuDWThAYxHgoWMYKNtVqq31Mj2S+W3LLrnvm+hzJw/VptAdXzGvIysCrBUo1+8b03kCSNqTCEY627npuYYIqVYYTTWaGXappgMsZD2rUocEx1MJ1vO0Mn1hmgSCr7hEFz9/vEFMdaT+LQdsbYjPTvWmb+VeumJroIpkwkqaGCLD6KUo6MRNnpaMAUJYZPLGCimN0VkRFWmBgbUMGG8HUp+h9albJ3Vq7cVEv1y2UceTiCYzgFD3yowzU0oAkE7uABnuDZkc6j8+K8LlpzznLmEH7IefsE9nOPZA==</latexit>

'
<latexit sha1_base64="3gjeDWeCREwTD6YUC9coxnet/EY=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJdFNy4r2Ae0Q8mkmTY0yYQkUyhDP8KNC0Xc+j3u/BvTdhbaeuDC4Zx7ufeeSHFmrO9/e4W19Y3NreJ2aWd3b/+gfHjUNEmqCW2QhCe6HWFDOZO0YZnltK00xSLitBWN7md+a0y1YYl8shNFQ4EHksWMYOukVneMtRqyXrniV/050CoJclKBHPVe+avbT0gqqLSEY2M6ga9smGFtGeF0WuqmhipMRnhAO45KLKgJs/m5U3TmlD6KE+1KWjRXf09kWBgzEZHrFNgOzbI3E//zOqmNb8OMSZVaKsliUZxyZBM0+x31mabE8okjmGjmbkVkiDUm1iVUciEEyy+vkuZFNbisXj9eVWp3eRxFOIFTOIcAbqAGD1CHBhAYwTO8wpunvBfv3ftYtBa8fOYY/sD7/AF9jo+t</latexit>

EoS SKI6 RS SLY4 APR4 DD2 DDME2 TW DD-LZ1
⇤ 488 597 299 248 682 712 406 722

⇤PT 496 651 303 260 714 738 424 755
<latexit sha1_base64="dlYkz/kD3s5MdFuHy/50zT3hjfM="></latexit>

Density discontinuity effect on the tidal deformability

Minor!

Density discontinuity effect on the M-R

Minor!



Binary NS system and Gravitational waves

NS/HS
<latexit sha1_base64="UYEC+ZiQH+MfVfbczQ7hXSk/IyQ=">AAAB7HicbVA9TwJBEJ31E/ELtbTZSEys8A4LLYk2VAaDByRwIXvLHmzY27vs7pmQC7/BxkJjbP1Bdv4bF7hCwZdM8vLeTGbmBYng2jjON1pb39jc2i7sFHf39g8OS0fHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+G7mt5+Y0jyWj2aSMD8iQ8lDTomxknffvKw3+6WyU3HmwKvEzUkZcjT6pa/eIKZpxKShgmjddZ3E+BlRhlPBpsVeqllC6JgMWddSSSKm/Wx+7BSfW2WAw1jZkgbP1d8TGYm0nkSB7YyIGellbyb+53VTE974GZdJapiki0VhKrCJ8exzPOCKUSMmlhCquL0V0xFRhBqbT9GG4C6/vEpa1Yp7Vak+VMu12zyOApzCGVyAC9dQgzo0wAMKHJ7hFd6QRC/oHX0sWtdQPnMCf4A+fwDtxI4Z</latexit>

Compact star
<latexit sha1_base64="OR04moIPfxS3UlvKyD5j69Aglhg=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4Krv1oMdiLx4r2A9ol5JNs21oslmSWaGU/g0vHhTx6p/x5r8xbfegrQ8GHu/NJDMvSqWw6Pvf3sbm1vbObmGvuH9weHRcOjltWZ0ZxptMS206EbVcioQ3UaDkndRwqiLJ29G4PvfbT9xYoZNHnKQ8VHSYiFgwik7q1bVKKUNikZp+qexX/AXIOglyUoYcjX7pqzfQLFM8QSaptd3ATzGcUoOCST4r9jLL3etjOuRdRxOquA2ni51n5NIpAxJr4ypBslB/T0ypsnaiItepKI7sqjcX//O6Gca34VQkaYY8YcuP4kwS1GQeABkIwxnKiSOUGeF2JWxEjUvBxVR0IQSrJ6+TVrUSXFeqD9Vy7S6PowDncAFXEMAN1OAeGtAEBik8wyu8eZn34r17H8vWDS+fOYM/8D5/AOSokZU=</latexit>

D
<latexit sha1_base64="WoflC9OsYADNdO+14nzcYBdCAmo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5i3jMw=</latexit>

⇠(r, t)
<latexit sha1_base64="qTGO3UeahR+uE/cz+F9j/4UGe+w=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBItQQUpSBV0W3bisYB/QhDKZTtqhk0mYmagl9lPcuFDErV/izr9x0mahrQcGDufcyz1z/JhRqWz72yisrK6tbxQ3S1vbO7t7Znm/LaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/fJ35nXsiJI34nZrExAvRkNOAYqS01DfL7iOtuiFSIz9IxfRUnfTNil2zZ7CWiZOTCuRo9s0vdxDhJCRcYYak7Dl2rLwUCUUxI9OSm0gSIzxGQ9LTlKOQSC+dRZ9ax1oZWEEk9OPKmqm/N1IUSjkJfT2ZhZSLXib+5/USFVx6KeVxogjH80NBwiwVWVkP1oAKghWbaIKwoDqrhUdIIKx0WyVdgrP45WXSrtecs1r99rzSuMrrKMIhHEEVHLiABtxAE1qA4QGe4RXejCfjxXg3PuajBSPfOYA/MD5/AOBFk78=</latexit>

Density discontinuity effect on 
Orbital-internal mode coupling

äm + !2
↵am + �ȧm =

GMW2mQ2m

D3(t)
e�im�(t).

<latexit sha1_base64="z0IxFuG+ZJrpNmcKI9aQKH7qNFI="></latexit>

Overlap between orbital  
and internal mode

Mode Q QU QV

iµ 0.026 0.041 �0.015
i⇢ �0.019 0.035 �0.054

iµ (1st PT) �0.0227 0.00001 �0.00228
i⇢ (with shear) 0.007 0.043 �0.036

<latexit sha1_base64="s6aF3/ts8VG17C3LMGRfUtSbMgA="></latexit>

Remind: Wave function

Density discontinuity also affects frequency!



Binary NS system and Gravitational waves

NS/HS
<latexit sha1_base64="UYEC+ZiQH+MfVfbczQ7hXSk/IyQ=">AAAB7HicbVA9TwJBEJ31E/ELtbTZSEys8A4LLYk2VAaDByRwIXvLHmzY27vs7pmQC7/BxkJjbP1Bdv4bF7hCwZdM8vLeTGbmBYng2jjON1pb39jc2i7sFHf39g8OS0fHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+G7mt5+Y0jyWj2aSMD8iQ8lDTomxknffvKw3+6WyU3HmwKvEzUkZcjT6pa/eIKZpxKShgmjddZ3E+BlRhlPBpsVeqllC6JgMWddSSSKm/Wx+7BSfW2WAw1jZkgbP1d8TGYm0nkSB7YyIGellbyb+53VTE974GZdJapiki0VhKrCJ8exzPOCKUSMmlhCquL0V0xFRhBqbT9GG4C6/vEpa1Yp7Vak+VMu12zyOApzCGVyAC9dQgzo0wAMKHJ7hFd6QRC/oHX0sWtdQPnMCf4A+fwDtxI4Z</latexit>

Compact star
<latexit sha1_base64="OR04moIPfxS3UlvKyD5j69Aglhg=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4Krv1oMdiLx4r2A9ol5JNs21oslmSWaGU/g0vHhTx6p/x5r8xbfegrQ8GHu/NJDMvSqWw6Pvf3sbm1vbObmGvuH9weHRcOjltWZ0ZxptMS206EbVcioQ3UaDkndRwqiLJ29G4PvfbT9xYoZNHnKQ8VHSYiFgwik7q1bVKKUNikZp+qexX/AXIOglyUoYcjX7pqzfQLFM8QSaptd3ATzGcUoOCST4r9jLL3etjOuRdRxOquA2ni51n5NIpAxJr4ypBslB/T0ypsnaiItepKI7sqjcX//O6Gca34VQkaYY8YcuP4kwS1GQeABkIwxnKiSOUGeF2JWxEjUvBxVR0IQSrJ6+TVrUSXFeqD9Vy7S6PowDncAFXEMAN1OAeGtAEBik8wyu8eZn34r17H8vWDS+fOYM/8D5/AOSokZU=</latexit>

D
<latexit sha1_base64="WoflC9OsYADNdO+14nzcYBdCAmo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5i3jMw=</latexit>

⇠(r, t)
<latexit sha1_base64="qTGO3UeahR+uE/cz+F9j/4UGe+w=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBItQQUpSBV0W3bisYB/QhDKZTtqhk0mYmagl9lPcuFDErV/izr9x0mahrQcGDufcyz1z/JhRqWz72yisrK6tbxQ3S1vbO7t7Znm/LaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/fJ35nXsiJI34nZrExAvRkNOAYqS01DfL7iOtuiFSIz9IxfRUnfTNil2zZ7CWiZOTCuRo9s0vdxDhJCRcYYak7Dl2rLwUCUUxI9OSm0gSIzxGQ9LTlKOQSC+dRZ9ax1oZWEEk9OPKmqm/N1IUSjkJfT2ZhZSLXib+5/USFVx6KeVxogjH80NBwiwVWVkP1oAKghWbaIKwoDqrhUdIIKx0WyVdgrP45WXSrtecs1r99rzSuMrrKMIhHEEVHLiABtxAE1qA4QGe4RXejCfjxXg3PuajBSPfOYA/MD5/AOBFk78=</latexit>

Full-elastic case

Inelastic case: 

Crust Shattering 
Crust Melting

Tsang et al, Phys. Rev. Lett. 108, 011102

Pan, et al, Phys. Rev. Lett. 125, 201102



Binary NS system and Gravitational waves

NS/HS
<latexit sha1_base64="UYEC+ZiQH+MfVfbczQ7hXSk/IyQ=">AAAB7HicbVA9TwJBEJ31E/ELtbTZSEys8A4LLYk2VAaDByRwIXvLHmzY27vs7pmQC7/BxkJjbP1Bdv4bF7hCwZdM8vLeTGbmBYng2jjON1pb39jc2i7sFHf39g8OS0fHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+G7mt5+Y0jyWj2aSMD8iQ8lDTomxknffvKw3+6WyU3HmwKvEzUkZcjT6pa/eIKZpxKShgmjddZ3E+BlRhlPBpsVeqllC6JgMWddSSSKm/Wx+7BSfW2WAw1jZkgbP1d8TGYm0nkSB7YyIGellbyb+53VTE974GZdJapiki0VhKrCJ8exzPOCKUSMmlhCquL0V0xFRhBqbT9GG4C6/vEpa1Yp7Vak+VMu12zyOApzCGVyAC9dQgzo0wAMKHJ7hFd6QRC/oHX0sWtdQPnMCf4A+fwDtxI4Z</latexit>

Compact star
<latexit sha1_base64="OR04moIPfxS3UlvKyD5j69Aglhg=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4Krv1oMdiLx4r2A9ol5JNs21oslmSWaGU/g0vHhTx6p/x5r8xbfegrQ8GHu/NJDMvSqWw6Pvf3sbm1vbObmGvuH9weHRcOjltWZ0ZxptMS206EbVcioQ3UaDkndRwqiLJ29G4PvfbT9xYoZNHnKQ8VHSYiFgwik7q1bVKKUNikZp+qexX/AXIOglyUoYcjX7pqzfQLFM8QSaptd3ATzGcUoOCST4r9jLL3etjOuRdRxOquA2ni51n5NIpAxJr4ypBslB/T0ypsnaiItepKI7sqjcX//O6Gca34VQkaYY8YcuP4kwS1GQeABkIwxnKiSOUGeF2JWxEjUvBxVR0IQSrJ6+TVrUSXFeqD9Vy7S6PowDncAFXEMAN1OAeGtAEBik8wyu8eZn34r17H8vWDS+fOYM/8D5/AOSokZU=</latexit>

D
<latexit sha1_base64="WoflC9OsYADNdO+14nzcYBdCAmo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5i3jMw=</latexit>

⇠(r, t)
<latexit sha1_base64="qTGO3UeahR+uE/cz+F9j/4UGe+w=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBItQQUpSBV0W3bisYB/QhDKZTtqhk0mYmagl9lPcuFDErV/izr9x0mahrQcGDufcyz1z/JhRqWz72yisrK6tbxQ3S1vbO7t7Znm/LaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/fJ35nXsiJI34nZrExAvRkNOAYqS01DfL7iOtuiFSIz9IxfRUnfTNil2zZ7CWiZOTCuRo9s0vdxDhJCRcYYak7Dl2rLwUCUUxI9OSm0gSIzxGQ9LTlKOQSC+dRZ9ax1oZWEEk9OPKmqm/N1IUSjkJfT2ZhZSLXib+5/USFVx6KeVxogjH80NBwiwVWVkP1oAKghWbaIKwoDqrhUdIIKx0WyVdgrP45WXSrtecs1r99rzSuMrrKMIhHEEVHLiABtxAE1qA4QGe4RXejCfjxXg3PuajBSPfOYA/MD5/AOBFk78=</latexit>
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<latexit sha1_base64="PJxNqBQu3C35+tmioObM6P0Pa3U="></latexit>

h(f) = A(f)exp[�i�(f)]
<latexit sha1_base64="kcLMXlbCp6k6s8dfoa3ZNY7FNtM=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQF5bEB7oRqm5cVrAPSEKZTCfN0JkkzEzEErpy46+4caGIW7/BnX/jtM1CWw/cy+Gce5m5x08Ylcqyvo3C3PzC4lJxubSyura+YW5uNWWcCkwaOGaxaPtIEkYj0lBUMdJOBEHcZ6Tl969HfuueCEnj6E4NEuJx1ItoQDFSWuqYu2ElOLi41C1zBYfkIRk6h9Sth1RLXscsW1VrDDhL7JyUQY56x/xyuzFOOYkUZkhKx7YS5WVIKIoZGZbcVJIE4T7qEUfTCHEivWx8xhDua6ULg1joihQcq783MsSlHHBfT3KkQjntjcT/PCdVwbmX0ShJFYnw5KEgZVDFcJQJ7FJBsGIDTRAWVP8V4hAJhJVOrqRDsKdPniXNo6p9XD29PSnXrvI4imAH7IEKsMEZqIEbUAcNgMEjeAav4M14Ml6Md+NjMlow8p1t8AfG5w+QY5dK</latexit>
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<latexit sha1_base64="4rvYQO8uY/pnsZpNF4yeqj40mr0="></latexit>

Modification to the gravitational wave 
Waveform

A earlier merger time

Energy stored in NS oscillation:

Resonance induced phase shift

New parameters: NS oscillation frequency & phase shift



Detectability of phase transition from GW signals

NS/HS
<latexit sha1_base64="UYEC+ZiQH+MfVfbczQ7hXSk/IyQ=">AAAB7HicbVA9TwJBEJ31E/ELtbTZSEys8A4LLYk2VAaDByRwIXvLHmzY27vs7pmQC7/BxkJjbP1Bdv4bF7hCwZdM8vLeTGbmBYng2jjON1pb39jc2i7sFHf39g8OS0fHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+G7mt5+Y0jyWj2aSMD8iQ8lDTomxknffvKw3+6WyU3HmwKvEzUkZcjT6pa/eIKZpxKShgmjddZ3E+BlRhlPBpsVeqllC6JgMWddSSSKm/Wx+7BSfW2WAw1jZkgbP1d8TGYm0nkSB7YyIGellbyb+53VTE974GZdJapiki0VhKrCJ8exzPOCKUSMmlhCquL0V0xFRhBqbT9GG4C6/vEpa1Yp7Vak+VMu12zyOApzCGVyAC9dQgzo0wAMKHJ7hFd6QRC/oHX0sWtdQPnMCf4A+fwDtxI4Z</latexit>

Compact star
<latexit sha1_base64="OR04moIPfxS3UlvKyD5j69Aglhg=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4Krv1oMdiLx4r2A9ol5JNs21oslmSWaGU/g0vHhTx6p/x5r8xbfegrQ8GHu/NJDMvSqWw6Pvf3sbm1vbObmGvuH9weHRcOjltWZ0ZxptMS206EbVcioQ3UaDkndRwqiLJ29G4PvfbT9xYoZNHnKQ8VHSYiFgwik7q1bVKKUNikZp+qexX/AXIOglyUoYcjX7pqzfQLFM8QSaptd3ATzGcUoOCST4r9jLL3etjOuRdRxOquA2ni51n5NIpAxJr4ypBslB/T0ypsnaiItepKI7sqjcX//O6Gca34VQkaYY8YcuP4kwS1GQeABkIwxnKiSOUGeF2JWxEjUvBxVR0IQSrJ6+TVrUSXFeqD9Vy7S6PowDncAFXEMAN1OAeGtAEBik8wyu8eZn34r17H8vWDS+fOYM/8D5/AOSokZU=</latexit>

D
<latexit sha1_base64="WoflC9OsYADNdO+14nzcYBdCAmo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5i3jMw=</latexit>

⇠(r, t)
<latexit sha1_base64="qTGO3UeahR+uE/cz+F9j/4UGe+w=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBItQQUpSBV0W3bisYB/QhDKZTtqhk0mYmagl9lPcuFDErV/izr9x0mahrQcGDufcyz1z/JhRqWz72yisrK6tbxQ3S1vbO7t7Znm/LaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/fJ35nXsiJI34nZrExAvRkNOAYqS01DfL7iOtuiFSIz9IxfRUnfTNil2zZ7CWiZOTCuRo9s0vdxDhJCRcYYak7Dl2rLwUCUUxI9OSm0gSIzxGQ9LTlKOQSC+dRZ9ax1oZWEEk9OPKmqm/N1IUSjkJfT2ZhZSLXib+5/USFVx6KeVxogjH80NBwiwVWVkP1oAKghWbaIKwoDqrhUdIIKx0WyVdgrP45WXSrtecs1r99rzSuMrrKMIhHEEVHLiABtxAE1qA4QGe4RXejCfjxXg3PuajBSPfOYA/MD5/AOBFk78=</latexit>

A earlier merger time

Energy stored in NS oscillation:

Resonance induced phase shift

New parameters: NS oscillation frequency & phase shift
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<latexit sha1_base64="YSYRTGn47tXgmsKetLW3uexhKX4="></latexit>

Fisher information analysis 
（assuming no prior）

�✓m =
p

(��1)mm
<latexit sha1_base64="6w0FHBI2pLtHFnQPADqsWXK/e1g="></latexit>

(a|b) = 2

Z 1

0

a⇤(f)b(f) + a(f)b⇤(f)

Shh(f)
<latexit sha1_base64="Q5BM7NkQ73wZM2/0npd9NS7QvZU="></latexit>

Detector strain sensitivity



Detectability of phase transition from GW signals

Detectability in the full elastic case



Detectability of phase transition from GW signals

Inelastic case: 

Crust Shattering 

Crust Melting, from Pan et. al. PRL, 125,201102,2020



Detectability of phase transition from GW signals

Detectability in the inelastic case



Detectability of phase transition from GW signals

Distinguishing the twin-star

NS/HS
<latexit sha1_base64="UYEC+ZiQH+MfVfbczQ7hXSk/IyQ=">AAAB7HicbVA9TwJBEJ31E/ELtbTZSEys8A4LLYk2VAaDByRwIXvLHmzY27vs7pmQC7/BxkJjbP1Bdv4bF7hCwZdM8vLeTGbmBYng2jjON1pb39jc2i7sFHf39g8OS0fHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+G7mt5+Y0jyWj2aSMD8iQ8lDTomxknffvKw3+6WyU3HmwKvEzUkZcjT6pa/eIKZpxKShgmjddZ3E+BlRhlPBpsVeqllC6JgMWddSSSKm/Wx+7BSfW2WAw1jZkgbP1d8TGYm0nkSB7YyIGellbyb+53VTE974GZdJapiki0VhKrCJ8exzPOCKUSMmlhCquL0V0xFRhBqbT9GG4C6/vEpa1Yp7Vak+VMu12zyOApzCGVyAC9dQgzo0wAMKHJ7hFd6QRC/oHX0sWtdQPnMCf4A+fwDtxI4Z</latexit>

Compact star
<latexit sha1_base64="OR04moIPfxS3UlvKyD5j69Aglhg=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4Krv1oMdiLx4r2A9ol5JNs21oslmSWaGU/g0vHhTx6p/x5r8xbfegrQ8GHu/NJDMvSqWw6Pvf3sbm1vbObmGvuH9weHRcOjltWZ0ZxptMS206EbVcioQ3UaDkndRwqiLJ29G4PvfbT9xYoZNHnKQ8VHSYiFgwik7q1bVKKUNikZp+qexX/AXIOglyUoYcjX7pqzfQLFM8QSaptd3ATzGcUoOCST4r9jLL3etjOuRdRxOquA2ni51n5NIpAxJr4ypBslB/T0ypsnaiItepKI7sqjcX//O6Gca34VQkaYY8YcuP4kwS1GQeABkIwxnKiSOUGeF2JWxEjUvBxVR0IQSrJ6+TVrUSXFeqD9Vy7S6PowDncAFXEMAN1OAeGtAEBik8wyu8eZn34r17H8vWDS+fOYM/8D5/AOSokZU=</latexit>

D
<latexit sha1_base64="WoflC9OsYADNdO+14nzcYBdCAmo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5i3jMw=</latexit>

⇠(r, t)
<latexit sha1_base64="qTGO3UeahR+uE/cz+F9j/4UGe+w=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBItQQUpSBV0W3bisYB/QhDKZTtqhk0mYmagl9lPcuFDErV/izr9x0mahrQcGDufcyz1z/JhRqWz72yisrK6tbxQ3S1vbO7t7Znm/LaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/fJ35nXsiJI34nZrExAvRkNOAYqS01DfL7iOtuiFSIz9IxfRUnfTNil2zZ7CWiZOTCuRo9s0vdxDhJCRcYYak7Dl2rLwUCUUxI9OSm0gSIzxGQ9LTlKOQSC+dRZ9ax1oZWEEk9OPKmqm/N1IUSjkJfT2ZhZSLXib+5/USFVx6KeVxogjH80NBwiwVWVkP1oAKghWbaIKwoDqrhUdIIKx0WyVdgrP45WXSrtecs1r99rzSuMrrKMIhHEEVHLiABtxAE1qA4QGe4RXejCfjxXg3PuajBSPfOYA/MD5/AOBFk78=</latexit>

The on-resonance bandwidth 
Must be smaller than the NS-HS 

I-mode Frequency difference!

Resolved sideband limit!

Resolved sideband  
Is always satisfied



Outlook and Summary

1st order Phase transition could have a minor effect on M-R and deformability 

1st order Phase transition can significantly affect Interfacial Mode

These effects are promising to be detected using GWs from BNS

A Complete and consistent GR treatment still lack 

Inelastic process is still not very clear

Coupling with other modes is yet to be analysed
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Thank you! 

Questions?


