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scattering
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Antikaon and Kaon Interactions 
with Nucleons and Nuclei

Part  I.



Kaon spectrum in baryonic matter determined by:

Figure 3

Figure 4
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K − ΠK(ω, q⃗; ρ) = 0

ΠK− = 2ωUK− = −4π
[

fK−p ρp + fK−n ρn

]

+ ...

Pauli blocking, 
Fermi motion,

  2N correlations

In-medium Chiral SU(3) Dynamics with Coupled Channels

K  mass

+

-

K  width / 100 MeV
-

Note:  In-medium K width drops when mass falls below 
_
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<latexit sha1_base64="82UJOeqoGsivko2WVR31BfKvV38=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEdpjwYvHFuwHtKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVtfWHh4Z4adeYNEcG1c99spbG3v7O4V90sHh0fHJ+XTs46OU8WwzWIRq15ANQousW24EdhLFNIoENgNpneLevcJleaxfDCzBP2IjiUPOaPGWi1vWK64VXcpsgleDhXI1RyWvwajmKURSsME1brvuYnxM6oMZwLnpUGqMaFsSsfYtyhphNrPlovOyZV1RiSMlX3SkKX7eyKjkdazKLCdETUTvV5bmP/V+qkJ637GZZIalGz1UZgKYmKyuJqMuEJmxMwCZYrbXQmbUEWZsdmUbAje+smb0LmpepZbt5VGPY+jCBdwCdfgQQ0acA9NaAMDhGd4hTfn0Xlx3p2PVWvByWfO4Y+czx93nYyr</latexit><latexit sha1_base64="82UJOeqoGsivko2WVR31BfKvV38=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEdpjwYvHFuwHtKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVtfWHh4Z4adeYNEcG1c99spbG3v7O4V90sHh0fHJ+XTs46OU8WwzWIRq15ANQousW24EdhLFNIoENgNpneLevcJleaxfDCzBP2IjiUPOaPGWi1vWK64VXcpsgleDhXI1RyWvwajmKURSsME1brvuYnxM6oMZwLnpUGqMaFsSsfYtyhphNrPlovOyZV1RiSMlX3SkKX7eyKjkdazKLCdETUTvV5bmP/V+qkJ637GZZIalGz1UZgKYmKyuJqMuEJmxMwCZYrbXQmbUEWZsdmUbAje+smb0LmpepZbt5VGPY+jCBdwCdfgQQ0acA9NaAMDhGd4hTfn0Xlx3p2PVWvByWfO4Y+czx93nYyr</latexit><latexit sha1_base64="82UJOeqoGsivko2WVR31BfKvV38=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEdpjwYvHFuwHtKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVtfWHh4Z4adeYNEcG1c99spbG3v7O4V90sHh0fHJ+XTs46OU8WwzWIRq15ANQousW24EdhLFNIoENgNpneLevcJleaxfDCzBP2IjiUPOaPGWi1vWK64VXcpsgleDhXI1RyWvwajmKURSsME1brvuYnxM6oMZwLnpUGqMaFsSsfYtyhphNrPlovOyZV1RiSMlX3SkKX7eyKjkdazKLCdETUTvV5bmP/V+qkJ637GZZIalGz1UZgKYmKyuJqMuEJmxMwCZYrbXQmbUEWZsdmUbAje+smb0LmpepZbt5VGPY+jCBdwCdfgQQ0acA9NaAMDhGd4hTfn0Xlx3p2PVWvByWfO4Y+czx93nYyr</latexit><latexit sha1_base64="82UJOeqoGsivko2WVR31BfKvV38=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEdpjwYvHFuwHtKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVtfWHh4Z4adeYNEcG1c99spbG3v7O4V90sHh0fHJ+XTs46OU8WwzWIRq15ANQousW24EdhLFNIoENgNpneLevcJleaxfDCzBP2IjiUPOaPGWi1vWK64VXcpsgleDhXI1RyWvwajmKURSsME1brvuYnxM6oMZwLnpUGqMaFsSsfYtyhphNrPlovOyZV1RiSMlX3SkKX7eyKjkdazKLCdETUTvV5bmP/V+qkJ637GZZIalGz1UZgKYmKyuJqMuEJmxMwCZYrbXQmbUEWZsdmUbAje+smb0LmpepZbt5VGPY+jCBdwCdfgQQ0acA9NaAMDhGd4hTfn0Xlx3p2PVWvByWfO4Y+czx93nYyr</latexit>

2
<latexit sha1_base64="Oux8xvBqarULcTen/CKilEg5qgs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FSSIthjwYvHFuwHtKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVtfWHh4Z4adeYNEcG1c99spbG3v7O4V90sHh0fHJ+XTs46OU8WwzWIRq15ANQousW24EdhLFNIoENgNpneLevcJleaxfDCzBP2IjiUPOaPGWq3asFxxq+5SZBO8HCqQqzksfw1GMUsjlIYJqnXfcxPjZ1QZzgTOS4NUY0LZlI6xb1HSCLWfLRedkyvrjEgYK/ukIUv390RGI61nUWA7I2omer22MP+r9VMT1v2MyyQ1KNnqozAVxMRkcTUZcYXMiJkFyhS3uxI2oYoyY7Mp2RC89ZM3oVOrepZbN5VGPY+jCBdwCdfgwS004B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx85nz95IYys</latexit><latexit sha1_base64="Oux8xvBqarULcTen/CKilEg5qgs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FSSIthjwYvHFuwHtKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVtfWHh4Z4adeYNEcG1c99spbG3v7O4V90sHh0fHJ+XTs46OU8WwzWIRq15ANQousW24EdhLFNIoENgNpneLevcJleaxfDCzBP2IjiUPOaPGWq3asFxxq+5SZBO8HCqQqzksfw1GMUsjlIYJqnXfcxPjZ1QZzgTOS4NUY0LZlI6xb1HSCLWfLRedkyvrjEgYK/ukIUv390RGI61nUWA7I2omer22MP+r9VMT1v2MyyQ1KNnqozAVxMRkcTUZcYXMiJkFyhS3uxI2oYoyY7Mp2RC89ZM3oVOrepZbN5VGPY+jCBdwCdfgwS004B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx85nz95IYys</latexit><latexit sha1_base64="Oux8xvBqarULcTen/CKilEg5qgs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FSSIthjwYvHFuwHtKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVtfWHh4Z4adeYNEcG1c99spbG3v7O4V90sHh0fHJ+XTs46OU8WwzWIRq15ANQousW24EdhLFNIoENgNpneLevcJleaxfDCzBP2IjiUPOaPGWq3asFxxq+5SZBO8HCqQqzksfw1GMUsjlIYJqnXfcxPjZ1QZzgTOS4NUY0LZlI6xb1HSCLWfLRedkyvrjEgYK/ukIUv390RGI61nUWA7I2omer22MP+r9VMT1v2MyyQ1KNnqozAVxMRkcTUZcYXMiJkFyhS3uxI2oYoyY7Mp2RC89ZM3oVOrepZbN5VGPY+jCBdwCdfgwS004B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx85nz95IYys</latexit><latexit sha1_base64="Oux8xvBqarULcTen/CKilEg5qgs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FSSIthjwYvHFuwHtKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVtfWHh4Z4adeYNEcG1c99spbG3v7O4V90sHh0fHJ+XTs46OU8WwzWIRq15ANQousW24EdhLFNIoENgNpneLevcJleaxfDCzBP2IjiUPOaPGWq3asFxxq+5SZBO8HCqQqzksfw1GMUsjlIYJqnXfcxPjZ1QZzgTOS4NUY0LZlI6xb1HSCLWfLRedkyvrjEgYK/ukIUv390RGI61nUWA7I2omer22MP+r9VMT1v2MyyQ1KNnqozAVxMRkcTUZcYXMiJkFyhS3uxI2oYoyY7Mp2RC89ZM3oVOrepZbN5VGPY+jCBdwCdfgwS004B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx85nz95IYys</latexit>

3
<latexit sha1_base64="/6FFdiVTjro2DYCUkQHgJ0nE9kc=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSFeyx4MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjreb1oFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT1vyMyyQ1KNnyozAVxMRkfjUZcoXMiKkFyhS3uxI2pooyY7Mp2RC81ZPXoX1V9Sw3byr1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9yPn8AeqWMrQ==</latexit><latexit sha1_base64="/6FFdiVTjro2DYCUkQHgJ0nE9kc=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSFeyx4MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjreb1oFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT1vyMyyQ1KNnyozAVxMRkfjUZcoXMiKkFyhS3uxI2pooyY7Mp2RC81ZPXoX1V9Sw3byr1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9yPn8AeqWMrQ==</latexit><latexit sha1_base64="/6FFdiVTjro2DYCUkQHgJ0nE9kc=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSFeyx4MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjreb1oFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT1vyMyyQ1KNnyozAVxMRkfjUZcoXMiKkFyhS3uxI2pooyY7Mp2RC81ZPXoX1V9Sw3byr1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9yPn8AeqWMrQ==</latexit><latexit sha1_base64="/6FFdiVTjro2DYCUkQHgJ0nE9kc=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSFeyx4MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjreb1oFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT1vyMyyQ1KNnyozAVxMRkfjUZcoXMiKkFyhS3uxI2pooyY7Mp2RC81ZPXoX1V9Sw3byr1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9yPn8AeqWMrQ==</latexit>

1.0
<latexit sha1_base64="Cbq1htPxjM/zj6Ej6ZASkrkWzgQ=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuE1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6e2i3n1CpXksH80sQT+iY8lDzqix1oNXd4fVmlt3c5F18AqoQaHWsPo1GMUsjVAaJqjWfc9NjJ9RZTgTOK8MUo0JZVM6xr5FSSPUfpavOicX1hmRMFb2SUNy9/dERiOtZ1FgOyNqJnq1tjD/q/VTEzb8jMskNSjZ8qMwFcTEZHE3GXGFzIiZBcoUt7sSNqGKMmPTqdgQvNWT16FzVfcs31/Xmo0ijjKcwTlcggc30IQ7aEEbGIzhGV7hzRHOi/PufCxbS04xcwp/5Hz+AFB+jR0=</latexit><latexit sha1_base64="Cbq1htPxjM/zj6Ej6ZASkrkWzgQ=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuE1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6e2i3n1CpXksH80sQT+iY8lDzqix1oNXd4fVmlt3c5F18AqoQaHWsPo1GMUsjVAaJqjWfc9NjJ9RZTgTOK8MUo0JZVM6xr5FSSPUfpavOicX1hmRMFb2SUNy9/dERiOtZ1FgOyNqJnq1tjD/q/VTEzb8jMskNSjZ8qMwFcTEZHE3GXGFzIiZBcoUt7sSNqGKMmPTqdgQvNWT16FzVfcs31/Xmo0ijjKcwTlcggc30IQ7aEEbGIzhGV7hzRHOi/PufCxbS04xcwp/5Hz+AFB+jR0=</latexit><latexit sha1_base64="Cbq1htPxjM/zj6Ej6ZASkrkWzgQ=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuE1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6e2i3n1CpXksH80sQT+iY8lDzqix1oNXd4fVmlt3c5F18AqoQaHWsPo1GMUsjVAaJqjWfc9NjJ9RZTgTOK8MUo0JZVM6xr5FSSPUfpavOicX1hmRMFb2SUNy9/dERiOtZ1FgOyNqJnq1tjD/q/VTEzb8jMskNSjZ8qMwFcTEZHE3GXGFzIiZBcoUt7sSNqGKMmPTqdgQvNWT16FzVfcs31/Xmo0ijjKcwTlcggc30IQ7aEEbGIzhGV7hzRHOi/PufCxbS04xcwp/5Hz+AFB+jR0=</latexit><latexit sha1_base64="Cbq1htPxjM/zj6Ej6ZASkrkWzgQ=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuE1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6e2i3n1CpXksH80sQT+iY8lDzqix1oNXd4fVmlt3c5F18AqoQaHWsPo1GMUsjVAaJqjWfc9NjJ9RZTgTOK8MUo0JZVM6xr5FSSPUfpavOicX1hmRMFb2SUNy9/dERiOtZ1FgOyNqJnq1tjD/q/VTEzb8jMskNSjZ8qMwFcTEZHE3GXGFzIiZBcoUt7sSNqGKMmPTqdgQvNWT16FzVfcs31/Xmo0ijjKcwTlcggc30IQ7aEEbGIzhGV7hzRHOi/PufCxbS04xcwp/5Hz+AFB+jR0=</latexit>

1.5
<latexit sha1_base64="wC3VyJep5RsxDm4wHvX1kk1EX0s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSsdhjwYvHivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0vLDy8M8POvEEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVDPeYrGMdTeghkuheAsFSt5NNKdRIHknmNzO650nro2I1SNOE+5HdKREKBhFaz141dqgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN362WHVGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZnfTYZCc4ZyaoEyLeyuhI2ppgxtOiUbgrd68jq0r6qe5fvrSqOex1GEMziHS/DgBhpwB01oAYMRPMMrvDnSeXHenY9la8HJZ07hj5zPH1gSjSI=</latexit><latexit sha1_base64="wC3VyJep5RsxDm4wHvX1kk1EX0s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSsdhjwYvHivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0vLDy8M8POvEEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVDPeYrGMdTeghkuheAsFSt5NNKdRIHknmNzO650nro2I1SNOE+5HdKREKBhFaz141dqgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN362WHVGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZnfTYZCc4ZyaoEyLeyuhI2ppgxtOiUbgrd68jq0r6qe5fvrSqOex1GEMziHS/DgBhpwB01oAYMRPMMrvDnSeXHenY9la8HJZ07hj5zPH1gSjSI=</latexit><latexit sha1_base64="wC3VyJep5RsxDm4wHvX1kk1EX0s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSsdhjwYvHivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0vLDy8M8POvEEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVDPeYrGMdTeghkuheAsFSt5NNKdRIHknmNzO650nro2I1SNOE+5HdKREKBhFaz141dqgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN362WHVGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZnfTYZCc4ZyaoEyLeyuhI2ppgxtOiUbgrd68jq0r6qe5fvrSqOex1GEMziHS/DgBhpwB01oAYMRPMMrvDnSeXHenY9la8HJZ07hj5zPH1gSjSI=</latexit><latexit sha1_base64="wC3VyJep5RsxDm4wHvX1kk1EX0s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSsdhjwYvHivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0vLDy8M8POvEEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVDPeYrGMdTeghkuheAsFSt5NNKdRIHknmNzO650nro2I1SNOE+5HdKREKBhFaz141dqgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN362WHVGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZnfTYZCc4ZyaoEyLeyuhI2ppgxtOiUbgrd68jq0r6qe5fvrSqOex1GEMziHS/DgBhpwB01oAYMRPMMrvDnSeXHenY9la8HJZ07hj5zPH1gSjSI=</latexit>

0.5
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Kaon condensation in dense baryonic matter ?
… first suggested by D. Kaplan,  A. Nelson (1985),  but:  ruled out by neutron star constraints
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Figure 2: The allowed region (shown in white)
for up quark and down quark masses. This re-
gion was determined in part from papers report-
ing values for mu and md (data points shown)
and in part from analysis of the allowed ranges
of other mass parameters (see Fig. 3). The pa-
rameter (mu + md)/2 yields the two downward-
sloping lines, while mu/md yields the two rising
lines originating at (0,0).
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Figure 3. The values of each quark mass parameter taken from
the Data Listings. The points are in chronological order with
the more recent measurements at the top. Points from papers
reporting no error bars are colored grey. The shaded regions
indicate values excluded by our evaluations; some regions were
determined in part through examination of Fig. 2.
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66. Quark masses 13

Figure 66.2: The allowed region (shown in white) for up quark and down quark
masses. This region was determined in part from papers reporting values for mu

and md (data points shown) and in part from analysis of the allowed ranges of
other mass parameters (see Fig. 66.3). The parameter (mu + md)/2 yields the two
downward-sloping lines, while mu/md yields the two rising lines originating at (0,0).
There are two overlapping data points, so one of them is shown as a white diamond
(it has very small error bars).
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Figure 66.3: The values of each quark mass parameter taken from the Data
Listings. The points are in chronological order with the more recent measurements
at the top. Points from papers reporting no error bars are colored grey. The shaded
regions indicate values excluded by our evaluations; some regions were determined
in part through examination of Fig. 66.2.

June 5, 2018 20:03

s mass [MeV]
<latexit sha1_base64="Xp9/amsCtli2/JOhO+uRk5QSLRM=">AAAB/HicbZBPS8MwGMbfzn9z/qvu6CU4BE+jFUGPQy9ehAluDroy0izdwtK0JKlQyvpVvHhQxKsfxJvfxmzrQTdfCPx4nvdN3jxBwpnSjvNtVdbWNza3qtu1nd29/QP78Kir4lQS2iExj2UvwIpyJmhHM81pL5EURwGnj8HkZuY/PlGpWCwedJZQP8IjwUJGsDbSwK7n/SBEqoiwUkXh3dGuPx3YDafpzAutgltCA8pqD+yv/jAmaUSFJtxc5LlOov0cS80Ip9NaP1U0wWSCR9QzKHBElZ/Pl5+iU6MMURhLc4RGc/X3RI4jpbIoMJ0R1mO17M3E/zwv1eGVnzORpJoKsngoTDnSMZolgYZMUqJ5ZgATycyuiIyxxESbvGomBHf5y6vQPW+6hu8vGq3rMo4qHMMJnIELl9CCW2hDBwhk8Ayv8GYV1ov1bn0sWitWOVOHP2V9/gAQq5UG</latexit><latexit sha1_base64="Xp9/amsCtli2/JOhO+uRk5QSLRM=">AAAB/HicbZBPS8MwGMbfzn9z/qvu6CU4BE+jFUGPQy9ehAluDroy0izdwtK0JKlQyvpVvHhQxKsfxJvfxmzrQTdfCPx4nvdN3jxBwpnSjvNtVdbWNza3qtu1nd29/QP78Kir4lQS2iExj2UvwIpyJmhHM81pL5EURwGnj8HkZuY/PlGpWCwedJZQP8IjwUJGsDbSwK7n/SBEqoiwUkXh3dGuPx3YDafpzAutgltCA8pqD+yv/jAmaUSFJtxc5LlOov0cS80Ip9NaP1U0wWSCR9QzKHBElZ/Pl5+iU6MMURhLc4RGc/X3RI4jpbIoMJ0R1mO17M3E/zwv1eGVnzORpJoKsngoTDnSMZolgYZMUqJ5ZgATycyuiIyxxESbvGomBHf5y6vQPW+6hu8vGq3rMo4qHMMJnIELl9CCW2hDBwhk8Ayv8GYV1ov1bn0sWitWOVOHP2V9/gAQq5UG</latexit><latexit sha1_base64="Xp9/amsCtli2/JOhO+uRk5QSLRM=">AAAB/HicbZBPS8MwGMbfzn9z/qvu6CU4BE+jFUGPQy9ehAluDroy0izdwtK0JKlQyvpVvHhQxKsfxJvfxmzrQTdfCPx4nvdN3jxBwpnSjvNtVdbWNza3qtu1nd29/QP78Kir4lQS2iExj2UvwIpyJmhHM81pL5EURwGnj8HkZuY/PlGpWCwedJZQP8IjwUJGsDbSwK7n/SBEqoiwUkXh3dGuPx3YDafpzAutgltCA8pqD+yv/jAmaUSFJtxc5LlOov0cS80Ip9NaP1U0wWSCR9QzKHBElZ/Pl5+iU6MMURhLc4RGc/X3RI4jpbIoMJ0R1mO17M3E/zwv1eGVnzORpJoKsngoTDnSMZolgYZMUqJ5ZgATycyuiIyxxESbvGomBHf5y6vQPW+6hu8vGq3rMo4qHMMJnIELl9CCW2hDBwhk8Ayv8GYV1ov1bn0sWitWOVOHP2V9/gAQq5UG</latexit><latexit sha1_base64="Xp9/amsCtli2/JOhO+uRk5QSLRM=">AAAB/HicbZBPS8MwGMbfzn9z/qvu6CU4BE+jFUGPQy9ehAluDroy0izdwtK0JKlQyvpVvHhQxKsfxJvfxmzrQTdfCPx4nvdN3jxBwpnSjvNtVdbWNza3qtu1nd29/QP78Kir4lQS2iExj2UvwIpyJmhHM81pL5EURwGnj8HkZuY/PlGpWCwedJZQP8IjwUJGsDbSwK7n/SBEqoiwUkXh3dGuPx3YDafpzAutgltCA8pqD+yv/jAmaUSFJtxc5LlOov0cS80Ip9NaP1U0wWSCR9QzKHBElZ/Pl5+iU6MMURhLc4RGc/X3RI4jpbIoMJ0R1mO17M3E/zwv1eGVnzORpJoKsngoTDnSMZolgYZMUqJ5ZgATycyuiIyxxESbvGomBHf5y6vQPW+6hu8vGq3rMo4qHMMJnIELl9CCW2hDBwhk8Ayv8GYV1ov1bn0sWitWOVOHP2V9/gAQq5UG</latexit>
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Figure 2: The allowed region (shown in white)
for up quark and down quark masses. This re-
gion was determined in part from papers report-
ing values for mu and md (data points shown)
and in part from analysis of the allowed ranges
of other mass parameters (see Fig. 3). The pa-
rameter (mu + md)/2 yields the two downward-
sloping lines, while mu/md yields the two rising
lines originating at (0,0).
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Figure 3. The values of each quark mass parameter taken from
the Data Listings. The points are in chronological order with
the more recent measurements at the top. Points from papers
reporting no error bars are colored grey. The shaded regions
indicate values excluded by our evaluations; some regions were
determined in part through examination of Fig. 2.
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mu = 2.2± 0.5 MeV
<latexit sha1_base64="H3MqS2KHcq2OCsyPcTpGMu5JdPw=">AAACAnicbZDLSsNAFIYnXmu9RV2Jm8EiuApJUexGKLhxI1SwF2hCmEwn7dCZSZiZCCVUN76KGxeKuPUp3Pk2TtsstPWHgY//nMOZ80cpo0q77re1tLyyurZe2ihvbm3v7Np7+y2VZBKTJk5YIjsRUoRRQZqaakY6qSSIR4y0o+HVpN6+J1LRRNzpUUoCjvqCxhQjbazQPsz9KIY8zOAlrDpVP+Wuc/5wQ1rj0K64jjsVXASvgAoo1AjtL7+X4IwToTFDSnU9N9VBjqSmmJFx2c8USREeoj7pGhSIExXk0xPG8MQ4PRgn0jyh4dT9PZEjrtSIR6aTIz1Q87WJ+V+tm+m4FuRUpJkmAs8WxRmDOoGTPGCPSoI1GxlAWFLzV4gHSCKsTWplE4I3f/IitKqOZ/j2rFKvFXGUwBE4BqfAAxegDq5BAzQBBo/gGbyCN+vJerHerY9Z65JVzByAP7I+fwBpW5V5</latexit><latexit sha1_base64="H3MqS2KHcq2OCsyPcTpGMu5JdPw=">AAACAnicbZDLSsNAFIYnXmu9RV2Jm8EiuApJUexGKLhxI1SwF2hCmEwn7dCZSZiZCCVUN76KGxeKuPUp3Pk2TtsstPWHgY//nMOZ80cpo0q77re1tLyyurZe2ihvbm3v7Np7+y2VZBKTJk5YIjsRUoRRQZqaakY6qSSIR4y0o+HVpN6+J1LRRNzpUUoCjvqCxhQjbazQPsz9KIY8zOAlrDpVP+Wuc/5wQ1rj0K64jjsVXASvgAoo1AjtL7+X4IwToTFDSnU9N9VBjqSmmJFx2c8USREeoj7pGhSIExXk0xPG8MQ4PRgn0jyh4dT9PZEjrtSIR6aTIz1Q87WJ+V+tm+m4FuRUpJkmAs8WxRmDOoGTPGCPSoI1GxlAWFLzV4gHSCKsTWplE4I3f/IitKqOZ/j2rFKvFXGUwBE4BqfAAxegDq5BAzQBBo/gGbyCN+vJerHerY9Z65JVzByAP7I+fwBpW5V5</latexit><latexit sha1_base64="H3MqS2KHcq2OCsyPcTpGMu5JdPw=">AAACAnicbZDLSsNAFIYnXmu9RV2Jm8EiuApJUexGKLhxI1SwF2hCmEwn7dCZSZiZCCVUN76KGxeKuPUp3Pk2TtsstPWHgY//nMOZ80cpo0q77re1tLyyurZe2ihvbm3v7Np7+y2VZBKTJk5YIjsRUoRRQZqaakY6qSSIR4y0o+HVpN6+J1LRRNzpUUoCjvqCxhQjbazQPsz9KIY8zOAlrDpVP+Wuc/5wQ1rj0K64jjsVXASvgAoo1AjtL7+X4IwToTFDSnU9N9VBjqSmmJFx2c8USREeoj7pGhSIExXk0xPG8MQ4PRgn0jyh4dT9PZEjrtSIR6aTIz1Q87WJ+V+tm+m4FuRUpJkmAs8WxRmDOoGTPGCPSoI1GxlAWFLzV4gHSCKsTWplE4I3f/IitKqOZ/j2rFKvFXGUwBE4BqfAAxegDq5BAzQBBo/gGbyCN+vJerHerY9Z65JVzByAP7I+fwBpW5V5</latexit><latexit sha1_base64="H3MqS2KHcq2OCsyPcTpGMu5JdPw=">AAACAnicbZDLSsNAFIYnXmu9RV2Jm8EiuApJUexGKLhxI1SwF2hCmEwn7dCZSZiZCCVUN76KGxeKuPUp3Pk2TtsstPWHgY//nMOZ80cpo0q77re1tLyyurZe2ihvbm3v7Np7+y2VZBKTJk5YIjsRUoRRQZqaakY6qSSIR4y0o+HVpN6+J1LRRNzpUUoCjvqCxhQjbazQPsz9KIY8zOAlrDpVP+Wuc/5wQ1rj0K64jjsVXASvgAoo1AjtL7+X4IwToTFDSnU9N9VBjqSmmJFx2c8USREeoj7pGhSIExXk0xPG8MQ4PRgn0jyh4dT9PZEjrtSIR6aTIz1Q87WJ+V+tm+m4FuRUpJkmAs8WxRmDOoGTPGCPSoI1GxlAWFLzV4gHSCKsTWplE4I3f/IitKqOZ/j2rFKvFXGUwBE4BqfAAxegDq5BAzQBBo/gGbyCN+vJerHerY9Z65JVzByAP7I+fwBpW5V5</latexit>

md = 4.7± 0.5 MeV
<latexit sha1_base64="fs1STkjx3G6CNQO2PZz1y2Rcw90=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwVVIpNJuhIIbN0IFe4EmhMlk0g6dScLMRCihuvFV3LhQxK1P4c63cdpmoa0/DHz85xzOnD9IGZXKtr+N0srq2vpGebOytb2zu2fuH3RkkglM2jhhiegFSBJGY9JWVDHSSwVBPGCkG4yupvXuPRGSJvGdGqfE42gQ04hipLTlm0e5G0SQ+yG8hDWr7qbcti4ebkhn4ptV27JngsvgFFAFhVq++eWGCc44iRVmSMq+Y6fKy5FQFDMyqbiZJCnCIzQgfY0x4kR6+eyECTzVTgijROgXKzhzf0/kiEs55oHu5EgN5WJtav5X62cqang5jdNMkRjPF0UZgyqB0zxgSAXBio01ICyo/ivEQyQQVjq1ig7BWTx5GTrnlqP5tlZtNoo4yuAYnIAz4IA6aIJr0AJtgMEjeAav4M14Ml6Md+Nj3loyiplD8EfG5w9ZY5Vv</latexit><latexit sha1_base64="fs1STkjx3G6CNQO2PZz1y2Rcw90=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwVVIpNJuhIIbN0IFe4EmhMlk0g6dScLMRCihuvFV3LhQxK1P4c63cdpmoa0/DHz85xzOnD9IGZXKtr+N0srq2vpGebOytb2zu2fuH3RkkglM2jhhiegFSBJGY9JWVDHSSwVBPGCkG4yupvXuPRGSJvGdGqfE42gQ04hipLTlm0e5G0SQ+yG8hDWr7qbcti4ebkhn4ptV27JngsvgFFAFhVq++eWGCc44iRVmSMq+Y6fKy5FQFDMyqbiZJCnCIzQgfY0x4kR6+eyECTzVTgijROgXKzhzf0/kiEs55oHu5EgN5WJtav5X62cqang5jdNMkRjPF0UZgyqB0zxgSAXBio01ICyo/ivEQyQQVjq1ig7BWTx5GTrnlqP5tlZtNoo4yuAYnIAz4IA6aIJr0AJtgMEjeAav4M14Ml6Md+Nj3loyiplD8EfG5w9ZY5Vv</latexit><latexit sha1_base64="fs1STkjx3G6CNQO2PZz1y2Rcw90=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwVVIpNJuhIIbN0IFe4EmhMlk0g6dScLMRCihuvFV3LhQxK1P4c63cdpmoa0/DHz85xzOnD9IGZXKtr+N0srq2vpGebOytb2zu2fuH3RkkglM2jhhiegFSBJGY9JWVDHSSwVBPGCkG4yupvXuPRGSJvGdGqfE42gQ04hipLTlm0e5G0SQ+yG8hDWr7qbcti4ebkhn4ptV27JngsvgFFAFhVq++eWGCc44iRVmSMq+Y6fKy5FQFDMyqbiZJCnCIzQgfY0x4kR6+eyECTzVTgijROgXKzhzf0/kiEs55oHu5EgN5WJtav5X62cqang5jdNMkRjPF0UZgyqB0zxgSAXBio01ICyo/ivEQyQQVjq1ig7BWTx5GTrnlqP5tlZtNoo4yuAYnIAz4IA6aIJr0AJtgMEjeAav4M14Ml6Md+Nj3loyiplD8EfG5w9ZY5Vv</latexit><latexit sha1_base64="fs1STkjx3G6CNQO2PZz1y2Rcw90=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwVVIpNJuhIIbN0IFe4EmhMlk0g6dScLMRCihuvFV3LhQxK1P4c63cdpmoa0/DHz85xzOnD9IGZXKtr+N0srq2vpGebOytb2zu2fuH3RkkglM2jhhiegFSBJGY9JWVDHSSwVBPGCkG4yupvXuPRGSJvGdGqfE42gQ04hipLTlm0e5G0SQ+yG8hDWr7qbcti4ebkhn4ptV27JngsvgFFAFhVq++eWGCc44iRVmSMq+Y6fKy5FQFDMyqbiZJCnCIzQgfY0x4kR6+eyECTzVTgijROgXKzhzf0/kiEs55oHu5EgN5WJtav5X62cqang5jdNMkRjPF0UZgyqB0zxgSAXBio01ICyo/ivEQyQQVjq1ig7BWTx5GTrnlqP5tlZtNoo4yuAYnIAz4IA6aIJr0AJtgMEjeAav4M14Ml6Md+Nj3loyiplD8EfG5w9ZY5Vv</latexit>

ms = 95+9
�3 MeV
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(µ = 2 GeV)
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Spontaneously Broken   
CHIRAL                                SYMMETRYSU(3)L × SU(3)R

Pseudoscalar SU(3) meson octet {φa} = {π, K, K̄, η8}

DECAY CONSTANTS:   
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π

K

Chiral limit: f = 86.2 MeV
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2
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Oakes,
Renner
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K f
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4⇡ f ⇠ 1 GeV

f⇡ = 92.3± 0.1 MeV
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Spontaneously Broken  CHIRAL SYMMETRY

GOLDSTONE’s  Theorem: 

Massless Nambu-Goldstone bosons do not interact 
in the limit of zero momentum (long-wavelength limit) 

S-wave interactions of NG bosons

(a) (b) (c) (d)

Figure 1: Feynman diagrams for the meson-baryon interactions in chiral perturbation theory.
(a) Weinberg-Tomozawa interaction, (b) s-channel Born term, (c) u-channel Born term, (d)
NLO interaction. The dots represent the O(p) vertices while the square denotes the O(p2)
vertex.

where qi, Mi and Ei are the momentum, the mass and the energy of the baryon in channel i, and χσi is
the two-component Pauli spinor for the baryon in channel i. Applying the s-wave projection (11), we
obtain the WT interaction

V WT
ij (W ) = −Cij

4f2
(2W − Mi − Mj)

√
Mi + Ei

2Mi

√
Mj + Ej

2Mj
. (15)

The Cij coefficients express the sign and the strength of the interaction for this channel. With the
SU(3) isoscalar factors [101, 102], it is given by [103, 104]

Cij =
∑

α

[6 − C2(α)]

(
8 8 α

Iī, Yī Ii, Yi I, Y

)(
8 8 α

Ij̄, Yj̄ Ij, Yj I, Y

)
, (16)

Y = Yī + Yi = Yj̄ + Yj, I = Iī + Ii = Ij̄ + Ij,

where α is the SU(3) representation of the meson-baryon system with C2(α) being its quadratic Casimir,
Ii and Yi are the isospin and hypercharge of the particle in channel i (i stands for the baryon and ī for
the meson). Explicit values of Cij for the S = −1 meson-baryon scattering can be found in Ref. [8]. It
is remarkable that the sign and the strength of the interaction (15) are fully determined by the group
theoretical factor Cij. This is because the low energy constant is absent in the Lagrangian (13), as it
is derived from the covariant derivative. In the language of current algebra, this is the consequence
of the vector current conservation (Weinberg-Tomozawa theorem) [74, 75]. Indeed, at threshold of
the πN → πN amplitude, Eq. (15) gives the scattering length (the relation of the T-matrix with the
nonrelativistic scattering amplitude is summarized in Appendix)

aπN→πN =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

MN

4π(MN + mπ)

mπ

f 2
for I = 1/2

− MN

8π(MN + mπ)

mπ

f2
for I = 3/2

,

in accordance with the low energy theorem.
It is also remarkable that the phenomenological vector meson exchange potential [6] leads to the

same channel couplings with Cij when the flavor SU(3) symmetric coupling constants are used. In fact,
with the KSRF relation g2

V = m2
V /2f 2 [105, 106], the vector meson exchange potential reduces to the

contact interaction V ∝ Cij/f2 in the limit mV → ∞.
Another important feature of Eq. (15) is the dependence on the total energy W . This is a consequence

of the derivative coupling nature of the NG boson in the nonlinear realization. The energy dependence
is an important aspect for the discussion of the s-wave resonance state.
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Y = Yī + Yi = Yj̄ + Yj, I = Iī + Ii = Ij̄ + Ij,
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It is also remarkable that the phenomenological vector meson exchange potential [6] leads to the

same channel couplings with Cij when the flavor SU(3) symmetric coupling constants are used. In fact,
with the KSRF relation g2

V = m2
V /2f 2 [105, 106], the vector meson exchange potential reduces to the
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CHIRAL SU(3) EFFECTIVE FIELD THEORY 
ordered hierarchy of driving interactions

next-to-leading order (NLO)
input:  several low-energy constants

O(p2)

[8]

[8]

pseudoscalar 
meson octet

baryon 
octet

Leading order terms  
(Tomozawa & Weinberg)

LO         (S = -1) and         (S = +1) threshold (s wave) amplitudes : K̄N KN

T(K+p)thr = 2T(K+n)thr = −

mK

f2

T(K−p)thr = 2T(K−n)thr =
mK

f2
attractive

repulsive
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Potentials:

V(r) = � T

2E
�3(r)
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Starting point:  Meson-Baryon Lagrangian (chiral limit)
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Table 1
SU(3) relations for the various contact potentials in the isospin basis. C27

ξ etc. refers to the corresponding irreducible
SU(3) representation for a particular partial wave ξ . The actual potential still needs to be multiplied by pertinent powers
of the momenta p and p′.

Channel I V (ξ)

ξ = 1S0, 3P0, 3P1, 3P2 ξ = 3S1, 3S1–3D1, 1P1 ξ = 1P1–3P1

S = 0 NN → NN 0 – C10∗
ξ –

NN → NN 1 C27
ξ – –

S = −1 ΛN →ΛN 1
2

1
10 (9C27

ξ + C
8s
ξ ) 1

2 (C
8a
ξ + C10∗

ξ ) −1√
20

C
8s8a
ξ

ΛN →ΣN 1
2

3
10 (−C27

ξ + C
8s
ξ ) 1

2 (−C
8a
ξ + C10∗

ξ ) −3√
20

C
8s8a
ξ

ΣN →ΛN 1√
20

C
8s8a
ξ

ΣN →ΣN 1
2

1
10 (C27

ξ + 9C
8s
ξ ) 1

2 (C
8a
ξ + C10∗

ξ ) 3√
20

C
8s8a
ξ

ΣN →ΣN 3
2 C27

ξ C10
ξ –

singlet representation (C1) is present in the strangeness S = −2 channels with isospin I = 0 [45]
and there are four more LECs that contribute to the S = −2 sector at NLO [50].

2.2. Goldstone boson exchange

The one- and two-pseudoscalar-meson exchange potentials follow from the SU(3)-invariant
meson–baryon interaction Lagrangian

LMB = tr
(
B̄

(
iγ µDµ − M0

)
B

)
− D

2
tr
(
B̄γ µγ5{uµ,B}

)
− F

2
tr
(
B̄γ µγ5[uµ,B]

)
, (14)

with DµB = ∂µB + [Γµ,B], Γµ = 1
2 (u†∂µu + u∂µu†) and uµ = i(u†∂µu − u∂µu†), and where

the trace is taken in flavor space. The constant M0 denotes the baryon mass in the three-flavor
chiral limit. The coupling constants F and D satisfy the relation F + D = gA ≃ 1.26, where gA

is the axial-vector strength measured in neutron β-decay. The pseudoscalar mesons and octet
baryons are collected in traceless 3 × 3 matrices [51]

P =

⎛

⎜⎜⎝

π0√
2

+ η√
6

π+ K+

π− − π0√
2

+ η√
6

K0

K− K̄0 − 2η√
6

⎞

⎟⎟⎠ , B =

⎛

⎜⎝

Σ0√
2

+ Λ√
6

Σ+ p

Σ− −Σ0√
2

+ Λ√
6

n

−Ξ− Ξ0 − 2Λ√
6

⎞

⎟⎠ .

(15)

For the pseudoscalar mesons we use the usual non-linear realization of chiral symmetry with
U(x) = u2(x) = exp(i

√
2P(x)/f0), where f0 is the Goldstone boson decay constant in the chiral

limit. These fields transform under the chiral group SU(3)L × SU(3)R as U → RUL† and B →
KBK† with L ∈ SU(3)L, R ∈ SU(3)R and the SU(3) valued compensator field K = K(L,R,U),
cf. Ref. [52]. After an expansion of the interaction Lagrangian in powers of P one obtains from
the terms proportional to D and F the pseudovector coupling term

L1 = −
√

2
2f0

tr
(
DB̄γ µγ5{∂µP,B} + FB̄γ µγ5[∂µP,B]

)
, (16)
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V(1P1 − 3P1) = −
4
√
2π
3

C8 p p′ = C1P1−3P1 p p
′ , (8)

V(3P0) =
2π
3
(−4C1 +C2 − 4C3 +C4 + 4C5 + 12C6 − 3C7) p p′ = C3P0 p p

′ , (9)

V(3P2) =
2π
3
(−4C1 +C2 − 4C3 +C4 − 2C5) p p′ = C3P2 p p

′ , (10)

V(3D1 − 3S 1) =
2
√
2π
3

(4C6 +C7) p′2 = C3S 1− 3D1 p
′2 , (11)

V(3S 1 − 3D1) =
2
√
2π
3

(4C6 +C7) p2 = C3S 1− 3D1 p
2 , (12)

with p = |p | and p′ = |p ′|. Note that the term proportional to C8 in Eqs. (7) and (7) represents an antisymmetric
spin-orbit force and gives rise to spin singlet-triplet transitions (i.e. 1P1 − 3P1). Such transitions cannot occur in the
NN interaction, unless isospin symmetry breaking is included, and, therefore, this term is absent in the equations
given in Ref. [32]. However, in general, this antisymmetric spin-orbit term is allowed. Specifically, it does not break
SU(3) symmetry.

Assuming only isospin symmetry, the LECs for each spin-isospin channel of the various BB → BB interaction
potentials are independent. When imposing SU(3) flavor symmetry one obtains relations between the LECs and,
thereby, the number of terms that need to be fitted to data gets reduced. The relevant SU(3) structure for the scattering
of two octet baryons follows from the tensor product decomposition 8 ⊗ 8 = 1 ⊕ 8a ⊕ 8s ⊕ 10∗ ⊕ 10 ⊕ 27 (for details
see Refs. [46, 47]). With that one can express all the C1S 0,ν, C3S 1,ν, . . ., in Eqs. (3) – (12) (ν= NN → NN, ΛN → ΛN,
ΛN → ΣN, ΣN → ΣN) by coefficients corresponding to the SU(3) irreducible representations: C1, C8a , C8s , C10∗ ,
C10, C27. The particular combinations of LECs in the various BB → BB channels and for the various partial waves
are summarized in Tab. 1. For example, for the potential in the 1S 0 partial wave of the ΛN → ΛN channel we get

VΛN→ΛN(1S 0) =
1
10

[

9C̃271S 0 + C̃
8s
1S 0
+ (9C271S 0 +C

8s
1S 0
)(p2 + p′2)

]

. (13)

Note that Tab. 1 gives the weight factors of the various baryon-baryon channels with respect to the irreducible SU(3)
representations. In addition, it reflects the constraints from the generalized Pauli principle. The interaction in partial
waves like the 3S 1, 3D1, and 1P1, which are symmetric with regard to their spin-space component, is given by linear
combinations of coefficients corresponding to antisymmetric SU(3) representations (C8a , C10∗ , C10), whereas those
with antisymmetric spin-space part (1S 0, 3P0, 3P1, 3P2) receive only contributions from symmetric representations
(C8s , C27). The C8-term induces transitions between singlet and triplet states in the octet-representation 8a and 8s,
respectively [47]. For a detailed derivation of the SU(3) constraints on the LECs see Ref. [20] or [48].

Due to the imposed SU(3) constraints at LO there are only five independent LECs for the NN and the YN sectors
together, as outlined in Ref. [20]. Note that without SU(3) symmetry, there would be twice as many. At NLO SU(3)
symmetry implies that in case of the NN and YN interactions there are eight new LECs entering the S -waves and S -D
transitions, respectively, and ten coefficients in the P-waves. Note that the sixth leading-order LEC corresponding to
the singlet representation (C1) is present in the strangeness S = −2 channels with isospin I = 0 [49] and there are four
more LECs that contribute to the S = −2 sector at NLO.

2.2. Goldstone boson exchange
The one- and two-pseudoscalar-meson-exchange potentials follow from the SU(3)-invariant meson-baryon inter-
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B
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2
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F
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)

, (14)
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Figure 1: Feynman diagrams for the meson-baryon interactions in chiral perturbation theory.
(a) Weinberg-Tomozawa interaction, (b) s-channel Born term, (c) u-channel Born term, (d)
NLO interaction. The dots represent the O(p) vertices while the square denotes the O(p2)
vertex.

where qi, Mi and Ei are the momentum, the mass and the energy of the baryon in channel i, and χσi is
the two-component Pauli spinor for the baryon in channel i. Applying the s-wave projection (11), we
obtain the WT interaction

V WT
ij (W ) = −Cij

4f2
(2W − Mi − Mj)

√
Mi + Ei

2Mi

√
Mj + Ej

2Mj
. (15)

The Cij coefficients express the sign and the strength of the interaction for this channel. With the
SU(3) isoscalar factors [101, 102], it is given by [103, 104]

Cij =
∑

α

[6 − C2(α)]

(
8 8 α

Iī, Yī Ii, Yi I, Y

)(
8 8 α

Ij̄, Yj̄ Ij, Yj I, Y

)
, (16)

Y = Yī + Yi = Yj̄ + Yj, I = Iī + Ii = Ij̄ + Ij,

where α is the SU(3) representation of the meson-baryon system with C2(α) being its quadratic Casimir,
Ii and Yi are the isospin and hypercharge of the particle in channel i (i stands for the baryon and ī for
the meson). Explicit values of Cij for the S = −1 meson-baryon scattering can be found in Ref. [8]. It
is remarkable that the sign and the strength of the interaction (15) are fully determined by the group
theoretical factor Cij. This is because the low energy constant is absent in the Lagrangian (13), as it
is derived from the covariant derivative. In the language of current algebra, this is the consequence
of the vector current conservation (Weinberg-Tomozawa theorem) [74, 75]. Indeed, at threshold of
the πN → πN amplitude, Eq. (15) gives the scattering length (the relation of the T-matrix with the
nonrelativistic scattering amplitude is summarized in Appendix)

aπN→πN =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

MN

4π(MN + mπ)

mπ

f 2
for I = 1/2

− MN

8π(MN + mπ)

mπ

f2
for I = 3/2

,

in accordance with the low energy theorem.
It is also remarkable that the phenomenological vector meson exchange potential [6] leads to the

same channel couplings with Cij when the flavor SU(3) symmetric coupling constants are used. In fact,
with the KSRF relation g2

V = m2
V /2f 2 [105, 106], the vector meson exchange potential reduces to the

contact interaction V ∝ Cij/f2 in the limit mV → ∞.
Another important feature of Eq. (15) is the dependence on the total energy W . This is a consequence

of the derivative coupling nature of the NG boson in the nonlinear realization. The energy dependence
is an important aspect for the discussion of the s-wave resonance state.
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Iī, Yī Ii, Yi I, Y

)(
8 8 α

Ij̄, Yj̄ Ij, Yj I, Y

)
, (16)
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CHIRAL SU(3) EFFECTIVE FIELD THEORY 
COUPLED CHANNELS DYNAMICS:

-  NLO hierarchy of driving terms  -

leading order  (Tomozawa-Weinberg) terms
input: physical pion and kaon decay constants

direct and crossed Born terms
input:  axial vector constants
D and F from hyperon beta decays

Now we turn to the baryons which are introduced as matter fields in the nonlinear realization [93, 94].
The octet baryon fields are collected as

B =

⎛

⎜⎝

1√
2
Σ0 + 1√

6
Λ Σ+ p

Σ− − 1√
2
Σ0 + 1√

6
Λ n

Ξ− Ξ0 − 2√
6
Λ

⎞

⎟⎠ ,

which transforms under g ∈ SU(3)R × SU(3)L as

B
g→ hBh†, B̄

g→ hB̄h†,

with h(g, u) ∈ SU(3)V . For baryons, the mass term M0Tr(B̄B) is chiral invariant even if the quark
masses are absent. The mass term brings the additional scale M0 in the theory, which causes problems
in the counting rule of Lagrangian and eventually in the systematic renormalization program. An
elegant method to avoid this difficulty is the heavy baryon chiral perturbation theory [95], where the
baryon fields are treated as heavy static fermions and the limit M0 → ∞ is taken. Here we follow
Refs. [96, 97, 98] to construct the relativistic chiral Lagrangian with keeping the common mass of the
octet baryons M0 finite.4 We define the following quantities

χ+ = uχ†u + u†χu†, χ− = uχ†u − u†χu†,

uµ = i{u†(∂µ − irµ)u − u(∂µ − ilµ)u†},

Γµ =
1

2
{u†(∂µ − irµ)u + u(∂µ − ilµ)u†}.

The latter two quantities are related to the vector (Vµ) and axial vector (Aµ) currents as Aµ = −uµ/2

and Vµ = −iΓµ. These quantities are transformed as O
g→ hOh†, except for the chiral connection Γµ,

which transforms as
Γµ

g→ hΓµh
† + h∂µh

†.

Then the covariant derivatives for the octet baryon fields can be defined as

DµB = ∂µB + [Γµ, B].

The power counting rule for baryon fields is given by

B, B̄ : O(1), uµ, Γµ, (i /D − M0)B : O(p), χ± : O(p2).

With these counting rules, we can construct the most general effective Lagrangian for meson-baryon
system as

Leff(B, U) =
∞∑

n=1

[LM
2n(U) + LMB

n (B,U)],

where LMB
n (B, U) consists of bilinears of B field with the chiral order O(pn). In the lowest order O(p),

we have

LMB
1 = Tr

(
B̄(i /D − M0)B +

D

2
(B̄γµγ5{uµ, B}) +

F

2
(B̄γµγ5[uµ, B])

)
, (9)

4In this paper we utilize chiral perturbation theory for the meson-baryon scattering amplitude up to O(p2) where no
loop diagram appears. At O(p3), an appropriate renormalization procedure in the relativistic scheme [99, 100] must be
introduced.
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next-to-leading order (NLO)
input:  several low-energy constants O(p2)

where D and F are low energy constants related to the axial charge of the nucleon gA = D + F ∼
1.26, and M0 denotes the common mass of the octet baryons. Among many next-to-leading order
Lagrangians [96, 97, 98], the relevant terms to the meson-baryon scattering are

LMB
2 =bDTr

(
B̄{χ+, B}

)
+ bF Tr

(
B̄[χ+, B]

)
+ b0Tr(B̄B)Tr(χ+)

+ d1Tr
(
B̄{uµ, [uµ, B]}

)
+ d2Tr

(
B̄[uµ, [uµ, B]]

)

+ d3Tr(B̄uµ)Tr(uµB) + d4Tr(B̄B)Tr(uµuµ), (10)

where bi and di are the low energy constants. The first three terms are proportional to the χ field and
hence to the quark mass term. Thus, they are responsible for the mass splitting of baryons. Indeed,
Gell-Mann–Okubo mass formula follows from the tree level calculation with isospin symmetric masses
mu = md = m̂ ̸= ms.

3.3 Low energy meson-baryon interaction

Here we derive the s-wave low energy meson-baryon interaction up to the order O(p2) in momen-
tum space. In three flavor sector, several meson-baryon channels participate in the scattering, which
are labeled by the channel index i. The scattering amplitude from channel i to j can be written as
Vij(W,Ω,σi,σj) where W is the total energy of the meson-baryon system in the center-of-mass sys-
tem, Ω is the solid angle of the scattering, and σi is the spin of the baryon in channel i. Since we
are dealing with the scattering of the spinless NG boson off the spin 1/2 baryon target, the angular
dependence vanishes and the spin-flip amplitude does not contribute after the s-wave projection and
the spin summation. Thus, the s-wave interaction depends only on the total energy W as

Vij(W ) =
1

8π

∑

σ

∫
dΩ Vij(W,Ω, σ,σ). (11)

In chiral perturbation theory up to O(p2), there are four kinds of diagrams as shown in Fig. 1. For the
s-wave amplitude, the most important piece in the leading order terms is the Weinberg-Tomozawa (WT)
contact interaction (a). The covariant derivative term in Eq. (9) generates this term which can also be
derived from chiral low energy theorem. At order O(p), in addition to the WT term, there are s-channel
Born term (b) and u-channel term (c) which stem from the axial coupling terms in Eq. (9). Although
they are in the same chiral order with the WT term (a), the Born terms mainly contribute to the p-wave
interaction and the s-wave component is in the higher order of the nonrelativistic expansion [72]. With
the terms in the next-to-leading order Lagrangian (10), the diagram (d) gives the O(p2) interaction. In
summary, the tree-level meson-baryon amplitude is given by

Vij(W,Ω,σi,σj) = V WT
ij (W,Ω,σi,σj) + V s

ij(W,Ω,σi,σj) + V u
ij (W,Ω,σi,σj) + V NLO

ij (W,Ω,σi,σj), (12)

where V WT
ij , V s

ij, V u
ij and V NLO

ij terms correspond to the diagrams (a), (b), (c) and (d) in Fig. 1,
respectively. In the following we derive the amplitude Vij(W ) by calculating these diagrams.

Let us first consider the WT interaction (a). By expanding the covariant derivative term in Eq. (9)
in powers of meson field Φ, we obtain the meson-baryon four-point vertex

LWT =
1

4f 2
Tr

(
B̄iγµ[Φ∂µΦ− (∂µΦ)Φ, B]

)
. (13)

The tree-level amplitude by this term is given by

V WT
ij (W,Ω,σi,σj) = − Cij

4f 2

√
Mi + Ei

2Mi

√
Mj + Ej

2Mj

× (χσi)T

[
2W − Mi − Mj + (2W + Mi + Mj)

qi · qj + i(qi × qj) · σ
(Mi + Ei)(Mj + Ej)

]
χσj , (14)
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LWT =
1

2
Tr(B̄�µ�µB)
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Thus, it is useful to review also in detail effective coupled-channel field theories
based on the chiral Lagrangian.

The task to construct a systematic effective field theory for the meson-baryon
scattering processes in the resonance region is closely linked to the fundamental ques-
tion as to what is the ’nature’ of baryon resonances. The radical conjecture10), 5), 11), 12)

that meson and baryon resonances not belonging to the large-Nc ground states are
generated by coupled-channel dynamics lead to a series of works13), 14), 15), 17), 16), 18)

demonstrating the crucial importance of coupled-channel dynamics for resonance
physics in QCD. This conjecture was challenged by a phenomenological model,11)

which generated successfully non-strange s- and d-wave resonances by coupled-channel
dynamics describing a large body of pion and photon scattering data. Of course,
the idea to explain resonances in terms of coupled-channel dynamics is an old one
going back to the 60’s.19), 20), 21), 22), 23), 24) For a comprehensive discussion of this
issue we refer to.12) In recent works,13), 14) which will be reviewed here, it was shown
that chiral dynamics as implemented by the χ−BS(3) approach25), 10), 5), 12) provides
a parameter-free leading-order prediction for the existence of a wealth of strange and
non-strange s- and d-wave wave baryon resonances. A quantitative description of
the low-energy pion-, kaon and antikaon scattering data was achieved earlier within
the χ-BS(3) scheme upon incorporating chiral correction terms.5)

§2. Effective field theory of chiral coupled-channel dynamics

Consider for instance the rich world of antikaon-nucleon scattering illustrated in
Fig. 1. The figure clearly illustrates the complexity of the problem. The K̄N state
couples to various inelastic channel like πΣ and πΛ, but also to baryon resonances
below and above its threshold. The goal is to bring order into this world seeking a
description of it based on the symmetries of QCD. For instance, as will be detailed
below, the Λ(1405) and Λ(1520) resonances will be generated by coupled-channel
dynamics, whereas the Σ(1385) should be considered as a ’fundamental’ degree of
freedom. Like the nucleon and hyperon ground states the Σ(1385) enters as an
explicit field in the effective Lagrangian set up to describe the K̄N system.

The starting point to describe the meson-baryon scattering process is the chiral
SU(3) Lagrangian (see e.g.26), 5)). A systematic approximation scheme arises due to a
successful scale separation justifying the chiral power counting rules.27) The effective
field theory of the meson-baryon scattering processes is based on the assumption
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thresholds
ShLh

L
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Fig. 1. The world of antikaon-nucleon scattering
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Scattering length constraints from SIDDHARTA kaonic hydrogen measurements

given by

V (C)
ij (

p
s) =

8X

k=1

C(Born)

j̄k,i C(Born)

īk,j

12fifj
Ni Nj

1

u�M2
k

⇥
p

s+Mk � (Mi +Mk)(Mj +Mk)

2N2
i N

2
j

(
p
s�Mk +Mi +Mj)

+
(Mi +Mk)(Mj +Mk)

4qiqj

�p
s+Mk �Mi �Mj

� s+M2
k �m2

i �m2
j � 2EiEj

2N2
i N

2
j

(
p
s�Mk +Mi +Mj)

 

⇥ ln
s+M2

k �m2
i �m2

j � 2EiEj � 2qiqj
s+M2

k �m2
i �m2

j � 2EiEj + 2qiqj

�
. (11)

Finally we turn to the next-to-leading oder terms (Fig. 1(iv)). The cor-
responding interactions are derived from the four-point vertices in Eq. (5):

V (NLO)
ij (

p
s) =

Ni Nj

fifj

h
C(NLO1)

ij � 2C(NLO2)
ij

✓
EiEj +

q2i q
2
j

3Ni Nj

◆i
. (12)

The coe�cients C(NLO1)
ij and C(NLO2)

ij are again summarized in Ref. [8]. They
include the NLO low-energy constants b0, bD, bF and di. Since we take into
account the renormalized (physical) masses of the baryons, these low-energy
constants are not identical to the ones from tree-level ChPT.

2.3. Chiral coupled-channels dynamics

In contrast to the SU(2) pion-nucleon systems close to threshold, the
meson-baryon channels in the strangeness sector are strongly interacting. In
particular, the K̄N interaction is su�ciently strong to produce the ⇤(1405)
as a quasi-bound state below the K̄N threshold. In such a situation, a
perturbative calculation does not work and a nonperturbative resummation
is mandatory in order to account for the strong coupled-channels dynamics.
The meson-baryon interactions derived above are thus used as the interaction
matrix kernel V of the coupled-channels Bethe-Salpeter equation for the T-
matrix:

T = V +V ·G ·T = (V�1 �G)�1 . (13)

6

Coupled-Channels Bethe-Salpeter equation
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Figure 1: Feynman diagrams for the meson-baryon interaction: Tomozawa-Weinberg term
(i), direct and crossed Born terms (ii) and (iii), and NLO terms (iv). Dashed (solid) lines
represent the pseudoscalar octet mesons (octet baryons).
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f 2
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is the explicit symmetry breaking term with the chiral condensate h0|q̄q|0i
and the quark mass matrix M = diag(mu,md,ms).

At tree level in chiral perturbation theory (ChPT), the low-energy con-
stants b0, bD and bF are related to the baryon octet masses. The present
analysis goes systematically beyond tree level and utilizes chiral SU(3) e↵ec-
tive field theory to determine the interaction kernel of the coupled-channels
scattering equations in which this matrix kernel is iterated to all orders.
Therefore the low energy constants need not be identical to those in ChPT
once the renormalization of the one-particle irreducible graphs is properly
taken into account.

2.2. Meson-baryon interactions

Consider meson-baryon scattering using the chiral Lagrangians (4) and
(5). In the SU(3) sector, several meson-baryon channels are coupled in sectors
with given quantum numbers. The interaction matrix elements are written as
V̂ij ⌘ hi|V̂ |ji with final and initial channel indices, i and j. The strangeness
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Finally we turn to the next-to-leading oder terms (Fig. 1(iv)). The cor-
responding interactions are derived from the four-point vertices in Eq. (5):
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The coe�cients C(NLO1)
ij and C(NLO2)

ij are again summarized in Ref. [8]. They
include the NLO low-energy constants b0, bD, bF and di. Since we take into
account the renormalized (physical) masses of the baryons, these low-energy
constants are not identical to the ones from tree-level ChPT.

2.3. Chiral coupled-channels dynamics

In contrast to the SU(2) pion-nucleon systems close to threshold, the
meson-baryon channels in the strangeness sector are strongly interacting. In
particular, the K̄N interaction is su�ciently strong to produce the ⇤(1405)
as a quasi-bound state below the K̄N threshold. In such a situation, a
perturbative calculation does not work and a nonperturbative resummation
is mandatory in order to account for the strong coupled-channels dynamics.
The meson-baryon interactions derived above are thus used as the interaction
matrix kernel V of the coupled-channels Bethe-Salpeter equation for the T-
matrix:

T = V +V ·G ·T = (V�1 �G)�1 . (13)
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FIG. 7. (Color online) Strength of SIDDHARTA potential
(I = 0) U(r, E) at r = 0. The real part is shown by the solid
line, and the imaginary part is shown by the dotted line.

Alternatively, the wave function of the non-Hermitian
problem can be normalized with the Gamow vector la-
beled by the index G [69, 70],

Z
dr  G(r)

2 = 1. (16)

In the present problem, the poles of ⇤(1405) are in the
physical Riemann sheet of the K̄N channel. Because the
corresponding eigenmomentum has the positive imagi-

FIG. 8. (Color online) Strength of SIDDHARTA potential
(I = 1) U(r, E) at r = 0. The real part is shown by the solid
line, and the imaginary part is shown by the dotted line.

nary part, the wave function converges at r ! 1.5 Hence
both the prescriptions (15) and (16) are applicable (see
also Appendix A).
As explained in Appendix B, for a problem with an

energy-dependent potential, we should modify the nor-
malization condition to ensure the conservation of the
norm and the orthogonality relation between two states.

5 In the coupled-channel formulation, the wave function of the ⇡⌃
channel diverges at r ! 1.
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TABLE I. Results of computations using the equivalent coupled-channel potentials, V
equiv,g
ij of Eq. (20) and V

equiv
ij of Eq. (25). Shown are,

in this sequence, the polynomial order of V
equiv
ij , the energy range used for parameter fixing, the “accuracy measure” given by the percentage

P , and the pole positions in the I = 0 scattering amplitude. The theoretical uncertainties of the original chiral SU(3) dynamics pole positions
are taken from Ref. [51].

Potential (polynomial in E) Energy range [MeV] P High-mass pole [MeV] Low-mass pole [MeV]

V equiv,g 32 1425 − 23i 1336 − 69i

V equiv (first order) 1403–1440 84 1423 − 26i 1378 − 80i

V equiv (second order) 1362–1511 99 1424 − 27i 1380 − 81i

Original poles [51] 1424+3
−23 − 26+3

−14i 1381+18
−6 − 81+19

−8 i

Not surprisingly, the potential strengths seen in Fig. 4
reflect qualitatively the trends already expected from the
leading-order (LO, Tomozawa-Weinberg) terms of the chi-
ral SU(3) meson-baryon Lagrangian. For example, the LO
I = 0 K̄N diagonal potential at threshold, when integrated
over volume, gives UK̄N→K̄N ≃ −3/(4f 2) ≃ −3.4 fm2, with
the pseudoscalar meson decay constant f ≃ 92 MeV. The
corresponding LO I = 0 π! diagonal potential is slightly
stronger and gives Uπ!→π! ≃ −1/f 2 ≃ −4.5 fm2. Next-to-
leading-order terms are important, of course, and contribute to
the more detailed quantitative behavior of the Uij .

The smooth energy dependence of U
equiv,"V
ij (

√
s) in Fig. 4

justifies terminating the polynomial expansion (25) of the
parametrized potential V

equiv
ij at low orders (i.e., first or second

order, αmax = 1, 2). The energy range of validity for this
parametrization is determined by maximizingP as discussed in
Sec. II B. The lower boundary of this energy window is varied
in steps of one MeV upward from 1200 MeV, while the upper
boundary is chosen below 1660 MeV in order to avoid the
nonanalytic behavior at the threshold of the (eliminated) η#
channel. By this procedure, the energy window of optimized

FIG. 4. Solid lines: volume integrals of equivalent potentials
including the adjustment term "Vij (

√
s), U

equiv,"V
ij (

√
s) of Eq. (32),

in the isospin I = 0 channels (K̄N → K̄N,π! → π!, and K̄N →
π!). Shown for comparison are the parametrizations U

equiv
ij (

√
s )

according to Eq. (25) with first- and second-order polynomial ex-
pansions (dotted and dashed lines, respectively). The energy range
for fitting the first-order (second-order) polynomial representations
of V

equiv
ij is 1403–1440 MeV (1362–1511 MeV).

fitting is determined as 1403–1440 MeV (1362–1511 MeV)
for the first-order (second-order) polynomial. The resulting
polynomial coefficients, Kα,ij , are summarized in Table II.
They display excellent convergence in the following sense: The
K2 coefficients are an order of magnitude smaller than K0 and
K1. The latter do not change significantly when including the
K2 terms. This indicates the dominance of the linear energy
dependence and justifies the truncation of the expansion at
the second order. The volume integral U

equiv
ij (

√
s) is shown

in Fig. 4 by dashed (first-order parametrization) and dotted
(second-order parametrization) lines.

The scattering amplitudes calculated using the optimized
potential V

equiv
ij of Eq. (25), with first- and second-order

polynomials, are compared with the original chiral SU(3)
dynamics amplitudes in Fig. 5. The results of both the first- and
second-order parametrizations are now significantly improved
from those of F equiv,g in Fig. 2, thanks to the added adjustment
term. It is worth noting that the potential with the first-
order polynomial properly extrapolates the amplitude down
to the region near the π! threshold even though the lower
boundary of the energy range for parameter adjustment is
around 1400 MeV, far above the π! threshold at ∼1330 MeV.
This can be understood by the almost linear energy dependence
of the potential strength seen in Fig. 4.

In order to investigate the pole structure of the #(1405), the
scattering amplitudes are analytically continued into the region
of complex energies. In Fig. 6, we plot the deviations of the
amplitudes, "fij (z) of Eq. (26), in the complex energy plane.
With both the first- and second-order polynomial potentials,
each component of the original chiral SU(3) amplitude matrix
is reproduced with 20% accuracy, including the energy region
of the high-mass (K̄N -dominated) pole of the #(1405). The
low-mass pole can likewise be covered when the second-order
polynomial is used. For a more quantitative assessment, the
pole positions and the accuracy measure P defined in Eq. (28)
are summarized in Table I. The first-order polynomial potential
reproduces the pole positions within the theoretical uncertain-
ties given in Ref. [51]. The second-order polynomial version of
the potential further improves these pole positions, which are
then reproduced to an accuracy of 1 MeV. The value of P is as
high as 84 (99) with the first-order (second-order) potential.
This result is comparable with or better than that of the
single-channel K̄N potential in Ref. [18], which givesP = 96.
Recalling that the complete set of available experimental data
for K−p scattering and reactions is reproduced accurately by
the original amplitude of chiral SU(3) dynamics, the equivalent

025201-7
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A K̄N -π!-π" coupled-channel potential is constructed on the basis of chiral SU(3) dynamics. Several
matching conditions are introduced to formulate an equivalent local potential that reproduces the coupled-channel
scattering amplitudes resulting from chiral SU(3)L × SU(3)R meson-baryon effective field theory. In contrast to
a previously constructed effective single-channel K̄N potential, the explicit treatment of the π! channel yields a
natural description of the low-mass pole as part of the two-pole structure of the "(1405) resonance. The energy
dependence of the potential can now be parametrized with a minimum of polynomial orders. To study the properties
of the "(1405) as a quantum-mechanical quasibound state, we derive the normalization condition of its wave
function generated by the energy-dependent coupled-channel potential, using the Feshbach projection method.
This framework provides an improved understanding of this system from the viewpoint of the compositeness of
hadrons. With the properly normalized wave function, we demonstrate and confirm that the high-mass pole of
the "(1405) is dominated by the K̄N component.
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I. INTRODUCTION

An active research area of hadron physics is the search for
exotic baryons, systems with one unit of baryon number that
do not fit into the traditional scheme of ordinary three-quark
states. A prominent candidate in this category has always been
the "(1405) [1–3]. Notorious difficulties in understanding the
"(1405) within the frame of standard quark models [4] have
stimulated considerations toward a possibly more complex
structure.

A successful picture began to emerge many decades ago
[5–7] when the "(1405) was treated as a K̄N quasibound
state embedded in the π! continuum, using a coupled-channel
approach combined with a vector meson exchange potential
model. Later developments in Refs. [8–11] established such
a framework from the viewpoint of low-energy QCD as
an effective meson-baryon field theory with spontaneously
(and explicitly) broken chiral SU(3)L × SU(3)R symmetry.
Several examples of more recent theoretical evidence sup-
port this picture. In a lattice QCD simulation [12,13], the
strange quark contribution to the magnetic form factor of
the "(1405) is shown to vanish when approaching physical
quark masses, in qualitative contrast to expectations from a
simple uds constituent-quark model. The spatial structure of
the "(1405) is studied by evaluating its form factors [14,15],
utilizing finite-volume effects [16], and analyzing the K̄N
wave function [17,18]. In all cases, the spatial size of the
dominant K̄N component is found to be unusually large and
of a magnitude indicating a hadronic molecular picture of
the "(1405). A further criterion comes from evaluating the
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compositeness of hadrons [19–29], a concept generalizing
the wave function renormalization constant [30,31]. Recent
studies of the compositeness of the "(1405) reveal once
again that its structure is dominated by the K̄N component
[16,22–24,26,28,32,33].

The attractive K̄N interaction underlying the picture of
the "(1405) as a two-body quasibound state, with a nominal
binding energy of 27 MeV, has motivated a multitude of
studies concerning the possible existence of antikaon-nuclear
quasibound systems (K̄ nuclei) [34]. In particular, predictions
of deeply bound states of some antikaonic nuclei were made
in Refs. [35,36], based on g-matrix calculations with opti-
cal potentials derived from phenomenological meson-baryon
two-body interactions. These studies were followed by more
elaborate and accurate few-body calculations, either using
variational approaches [37–41] or solving Faddeev equations
[42–46]. For the K̄NN prototype system, all of these compu-
tations agree qualitatively about the existence of a quasibound
state with spin parity JP = 0− and isospin I = 1/2 in the en-
ergy window between K̄NN and π!N thresholds. However,
the predicted binding energy BK̄NN and decay width #K̄NN

vary over a wide range depending on the type of potential used
and its extrapolation below K̄N threshold.

An important empirical condition at threshold is imposed
by the measurement of the energy shift and width of the
kaonic hydrogen 1S state, performed by the SIDDHARTA
Collaboration [47,48]. An accurate value of the complex K−p
scattering length was deduced from these data through the im-
proved Deser formula [49]. Thanks to this strong constraint, the
uncertainties of theoretical subthreshold extrapolations of K̄-
nucleon amplitudes have been significantly reduced [50,51].
Energy-dependent interactions based on chiral SU(3) dynam-
ics and subject to this constraint generally produce modest
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We revisit the KN scattering amplitude in order to investigate the possibility of the existence of a
broad resonance in the I = 0 KN channel around the energy of 1617 MeV with 305 MeV width.
We use the chiral unitary model to describe the KN scattering amplitudes and determine the
model parameters so as to reproduce the differential cross sections of the K+N scatterings and
the I = 0 and 1 total cross sections up to plab = 800 MeV/c, from which inelastic contributions
start to be significant. Performing analytic continuation of the determined amplitude to the
complex energy plane, we find a pole for a broad resonance state. We point out that the rapid
increase appearing in the I = 0 total cross section around plab = 500 MeV/c is a hint of the
possible broad resonance of strangeness S = +1.
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1. Introduction
The study of meson–baryon scattering is very important in understanding the properties of hadron
resonances. Because hadron resonances are short-lived and decay immediately by the strong inter-
action they appear only in the scattering processes, and one can deduce the properties of the hadron
resonances only from investigation of the scattering process. Description of the scattering amplitude
is one of the first steps in investigating the hadronic resonances. Once one obtains realistic scattering
amplitudes reproducing the scattering cross sections in terms of analytic functions, one can perform
analytic continuation to the complex energy plane and obtain properties of the resonances, such as
their masses, widths, and coupling strengths. To describe the scattering amplitude in an analytic
way, one of the theoretical tools is the chiral effective theory in which the low-energy theorems, by
chiral symmetry, constrain the hadronic interactions. Chiral perturbation theory describes scatter-
ing amplitudes for the lowest channels, while some unitarization procedure is necessary when one
encounters resonances and open channels, where hadronic dynamics plays an important role. For
instance, chiral perturbation theory works well for the πN scattering at low energies, while, for the
K̄N channel, since the "(1405) resonance is located in the I = 0 channel below the threshold and
the π# and π" channels are open, one needs unitarization of the amplitude and to take into account
coupled channels.

In this article we reexamine the elastic scattering amplitude of KN at low energies, plab <

800 MeV/c, based on the chiral unitary approach and study the possibility of an S = +1 exotic
resonance in the I = 0 channel. Baryons with strangeness S = +1 are so-called exotic hadrons,
because their quantum numbers cannot be described by three constituent quarks. For the S = +1
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Fig. 2. The calculated differential cross sections of the K+p elastic scattering using Solutions 1 and 2 in
comparison with the experimental data of Ref. [4].

section between plab = 145 and 726 MeV/c [4] and the total cross section between plab = 145 and
788 MeV/c [4,14,19,41–43]. The fitted values of the parameters are summarized in Table 2. We find
two solutions for I = 1, which equivalently reproduce the cross sections. In Fig. 1 we present the total
cross sections of the I = 1 KN elastic scattering obtained with the fitted parameters and compare
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Fig. 7. The differential cross sections of K+n charge exchange scattering using Solution 2.

Fig. 8. The distribution of the poles of the amplitude in the complex energy plane z. The red stars show the
best-fit values.
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Table 3. The resonance states of Solutions 1 and 2.

amplitude (J P) mass [MeV] width [MeV]

Solution 1 P01

(
1
2

+
)

1617 305

Solution 2 P03

(
3
2

+
)

1678 463

Fig. 9. Fano resonance. Cross sections of amplitudes composed of a resonance and a continuum background
with relative phase δ are shown. The resonance is assumed to have 1600 MeV mass and 300 MeV width. The
resonance shape is dependent on the relative phase δ. The vertical axis is in arbitrary units.

width 305 MeV, and J p = (1/2)+. The resonance has quite a large width and it could be hard to
pin down the resonance in production experiments. Similarly, we find a pole of the P03 amplitude of
Solution 2 in the complex energy plane at z = 1678 − 232i MeV corresponding to a resonance state
with mass 1678 MeV/c2, width 463 MeV, and J p = (3/2)+. Since this resonance state is located
far from the real axis, it is not constrained well by experimental observation appearing in the real
axis; the theoretical uncertainty should be large, and this solution could be unstable against small
deviations of experimental data. These results are summarized in Table 3. These resonances could
be compared with the state found in the chiral soliton model [27] with around 1700 MeV/c2 mass
even though it has a narrow width. In Fig. 8 we show the distribution of the poles in the vicinity of
the best-fit value.

Even though we find the resonance state as a pole of the scattering amplitude, there are no peak
structures in the scattering amplitude around the resonance energy. One usually expects resonance
states to appear as a peak in the cross section. It is not necessarily true when the resonance has a
large width and substantial coupling to a non-resonance background. We demonstrate this situation
by using a simple amplitude in which a resonance pole is embedded in a constant background with
a relative phase δ:

f (E) = i
E − M + i"/2

+ beiδ . (54)

In Fig. 9 we show the cross sections of the amplitudes in Eq. (54) with δ = 0, π
2 , π , 3π

2 for
M = 1600 MeV, " = 300 MeV, and b = 0.01 MeV−1. As one can see in the figure, the reso-
nance shape depends on the relative phase. For δ = 0, the resonance and background contributions
interfere constructively, and a resonance peak appears in the cross section, while for δ = π , the
resonance and background contribute deconstructively and the resonance is seen as a dip. It is
very interesting to see that, for the case of δ = π/2, a rapid increase takes place at the resonance
energy. This is also one of the resonance shapes. These kinds of resonances are known as Fano
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FIG. 4: Density ratios for different particles for a "soft" nu-
cleonic EoS as a function of the baryon density using the
χEFT600 model.

with the corresponding lepton density ratio xl = ρl/ρL.
The total lepton density ρL is the sum over all three lep-
tons. For nonrelativistic interacting baryons, the chemi-
cal potential for species b reads

µb = Mb +
k2Fb

2Mb
+ Ub(kFb

) . (20)

For a given total baryon density ρB the equations (15)-
(18) govern the composition of matter, i.e. the baryonic
and leptonic concentrations. The corresponding solution
is referred to as β-stable matter.

For the sake of consistency we now have to treat the
nucleonic part of the chemical potential µN in the same
way as the corresponding energy per particle. Since the
chemical potential can be obtained as a derivative of the
energy density ϵ and is related to the energy per particle
via ϵ = ρBE/A, we use the definition

µb =
∂ϵ

∂ρb
, (21)

to have the appropriate replacement in the nucleonic
chemical potential. Finally, we arrive at the expression

µN =
∂ϵNN

∂ρN
+ UY

N (kFY
), (22)

where we have effectively replaced MN+
k2
FN

2MN
+UN

N (kFN
)

of Eq. (20) with the derivative ∂ϵNN/∂ρN . In this way
the parameterization Eq. (9) enters in the nucleonic part
of the chemical potential.

Since we are only parameterizing the nucleonic sec-
tor, no such replacement is necessary for the hyperons.
However, since we have neglected the Y Y interaction
UY
Y (kFY

) is zero and Eq. (20) reduces to

µY = MY +
k2FY

2MY
+ UN

Y (kFY
) . (23)
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FIG. 5: Same as Fig. 4 but for "stiff" nucleonic EoS using the
NSC97f model.

For the determination of the particle concentration the
single-particle potential in equilibrium is used. For hy-
perons below the threshold density it is given by UY (p =
0), similar to the symmetric matter case. Above the
threshold density it depends on composition and den-
sity. In Fig. 6 the density dependence of UΣ−(kF

Σ−
) in

β-equilibrium for two different incompressibilities K0 is
shown. In the figure a kink in the curves appears at the
point where the hyperons appear.

Another observation is the relative ordering and the
magnitudes which resemble those of the single-particle
potentials at zero momentum in symmetric matter as
shown in Fig. 1. Essentially, the NSC97a, NCS97c,
NSC97f and J04 interactions are still slightly attractive
while the NSC89 and χEFT600 remain repulsive. Simi-
lar observations hold for the Λ system. A new structure
in form of a second inflection point emerges due to the
appearance of the Σ− hyperon.

A better indicator at which densities hyperons start to
appear is given by the concentrations of all particles and
is displayed in Figs. 4 and 5. In Fig. 4 a “soft” nucle-
onic EoS is used in combination with an attractive ΛN
and a very repulsive ΣN interaction implemented by the
χEFT600 model. In contrast in Fig. 5 a “stiff” EoS is
used represented by the NSC97f model which has a simi-
lar ΛN interaction compared to the χEFT600 model but
also an attractive ΣN interaction. This difference already
leads to very different density profiles. While in Fig. 4
the Λ hyperon is the first one which appears and no Σ−

hyperons are present, the Σ− hyperon appears first in
Fig. 5.

One should note that with the appearance of the Σ−

hyperon the density of the negatively charged leptons
starts to drop immediately. This is because their role in
the charge neutrality condition, Eq. (15), is now being
taken over by the Σ−. Similarly, the appearance of the
Λ hyperon will accelerate the disappearance of neutrons

⇤

p

n

1
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<latexit sha1_base64="aOpc5zH43zntzAQuhnjm9FB5K9I=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FSSIuix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0O7XvMtP1xVG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8Sfjy4=</latexit><latexit sha1_base64="aOpc5zH43zntzAQuhnjm9FB5K9I=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FSSIuix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0O7XvMtP1xVG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8Sfjy4=</latexit><latexit sha1_base64="aOpc5zH43zntzAQuhnjm9FB5K9I=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FSSIuix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0O7XvMtP1xVG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8Sfjy4=</latexit><latexit sha1_base64="aOpc5zH43zntzAQuhnjm9FB5K9I=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FSSIuix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0O7XvMtP1xVG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8Sfjy4=</latexit>

3
<latexit sha1_base64="9wEZsNcOdpuOpqnPMHsItjbo0FU=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUguZ4Nqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfriqNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8Ykjy8=</latexit><latexit sha1_base64="9wEZsNcOdpuOpqnPMHsItjbo0FU=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUguZ4Nqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfriqNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8Ykjy8=</latexit><latexit sha1_base64="9wEZsNcOdpuOpqnPMHsItjbo0FU=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUguZ4Nqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfriqNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8Ykjy8=</latexit><latexit sha1_base64="9wEZsNcOdpuOpqnPMHsItjbo0FU=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUguZ4Nqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfriqNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8Ykjy8=</latexit>

4
<latexit sha1_base64="tWk9QW02b7QDXayPy39ikvQxPMA=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSKeix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0P7quZbfqhXG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8epjzA=</latexit><latexit sha1_base64="tWk9QW02b7QDXayPy39ikvQxPMA=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSKeix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0P7quZbfqhXG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8epjzA=</latexit><latexit sha1_base64="tWk9QW02b7QDXayPy39ikvQxPMA=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSKeix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0P7quZbfqhXG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8epjzA=</latexit><latexit sha1_base64="tWk9QW02b7QDXayPy39ikvQxPMA=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSKeix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0P7quZbfqhXG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8epjzA=</latexit>

5
<latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit><latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit><latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit><latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit>

6
<latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit><latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit><latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit><latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit>

⇢/⇢0
<latexit sha1_base64="pBTu7xzzvpRXEqVwJyY6kBEK/O8=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPiCt1JaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8CuXLg==</latexit><latexit sha1_base64="pBTu7xzzvpRXEqVwJyY6kBEK/O8=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPiCt1JaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8CuXLg==</latexit><latexit sha1_base64="pBTu7xzzvpRXEqVwJyY6kBEK/O8=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPiCt1JaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8CuXLg==</latexit><latexit sha1_base64="pBTu7xzzvpRXEqVwJyY6kBEK/O8=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPiCt1JaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8CuXLg==</latexit>

1
<latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit><latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit><latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit><latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit>

0.1
<latexit sha1_base64="Fi7GWKeTxQ5xhWY8fko0k+zUjEY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhHxq8G0X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf7Y+f</latexit><latexit sha1_base64="Fi7GWKeTxQ5xhWY8fko0k+zUjEY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhHxq8G0X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf7Y+f</latexit><latexit sha1_base64="Fi7GWKeTxQ5xhWY8fko0k+zUjEY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhHxq8G0X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf7Y+f</latexit><latexit sha1_base64="Fi7GWKeTxQ5xhWY8fko0k+zUjEY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhHxq8G0X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf7Y+f</latexit>

10�2
<latexit sha1_base64="B8As+O2vOIDM7PK+K+BTAwKMm4E=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuLHMFEGXRTcuK9gLtGPJpJk2NMmMSaZQhnkONy4UcevDuPNtTNtZaOsPgY//nMM5+YOYM21c99sprK1vbG4Vt0s7u3v7B+XDo5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfh2Vm9PqNIskg9mGlNf4KFkISPYWMtPe0GIPPcxvahlWb9ccavuXGgVvBwqkKvRL3/1BhFJBJWGcKx113Nj46dYGUY4zUq9RNMYkzEe0q5FiQXVfjo/OkNn1hmgMFL2SYPm7u+JFAutpyKwnQKbkV6uzcz/at3EhNd+ymScGCrJYlGYcGQiNEsADZiixPCpBUwUs7ciMsIKE2NzKtkQvOUvr0KrVvUs319W6jd5HEU4gVM4Bw+uoA530IAmEHiCZ3iFN2fivDjvzseiteDkM8fwR87nD5ISkU4=</latexit><latexit sha1_base64="B8As+O2vOIDM7PK+K+BTAwKMm4E=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuLHMFEGXRTcuK9gLtGPJpJk2NMmMSaZQhnkONy4UcevDuPNtTNtZaOsPgY//nMM5+YOYM21c99sprK1vbG4Vt0s7u3v7B+XDo5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfh2Vm9PqNIskg9mGlNf4KFkISPYWMtPe0GIPPcxvahlWb9ccavuXGgVvBwqkKvRL3/1BhFJBJWGcKx113Nj46dYGUY4zUq9RNMYkzEe0q5FiQXVfjo/OkNn1hmgMFL2SYPm7u+JFAutpyKwnQKbkV6uzcz/at3EhNd+ymScGCrJYlGYcGQiNEsADZiixPCpBUwUs7ciMsIKE2NzKtkQvOUvr0KrVvUs319W6jd5HEU4gVM4Bw+uoA530IAmEHiCZ3iFN2fivDjvzseiteDkM8fwR87nD5ISkU4=</latexit><latexit sha1_base64="B8As+O2vOIDM7PK+K+BTAwKMm4E=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuLHMFEGXRTcuK9gLtGPJpJk2NMmMSaZQhnkONy4UcevDuPNtTNtZaOsPgY//nMM5+YOYM21c99sprK1vbG4Vt0s7u3v7B+XDo5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfh2Vm9PqNIskg9mGlNf4KFkISPYWMtPe0GIPPcxvahlWb9ccavuXGgVvBwqkKvRL3/1BhFJBJWGcKx113Nj46dYGUY4zUq9RNMYkzEe0q5FiQXVfjo/OkNn1hmgMFL2SYPm7u+JFAutpyKwnQKbkV6uzcz/at3EhNd+ymScGCrJYlGYcGQiNEsADZiixPCpBUwUs7ciMsIKE2NzKtkQvOUvr0KrVvUs319W6jd5HEU4gVM4Bw+uoA530IAmEHiCZ3iFN2fivDjvzseiteDkM8fwR87nD5ISkU4=</latexit><latexit sha1_base64="B8As+O2vOIDM7PK+K+BTAwKMm4E=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuLHMFEGXRTcuK9gLtGPJpJk2NMmMSaZQhnkONy4UcevDuPNtTNtZaOsPgY//nMM5+YOYM21c99sprK1vbG4Vt0s7u3v7B+XDo5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfh2Vm9PqNIskg9mGlNf4KFkISPYWMtPe0GIPPcxvahlWb9ccavuXGgVvBwqkKvRL3/1BhFJBJWGcKx113Nj46dYGUY4zUq9RNMYkzEe0q5FiQXVfjo/OkNn1hmgMFL2SYPm7u+JFAutpyKwnQKbkV6uzcz/at3EhNd+ymScGCrJYlGYcGQiNEsADZiixPCpBUwUs7ciMsIKE2NzKtkQvOUvr0KrVvUs319W6jd5HEU4gVM4Bw+uoA530IAmEHiCZ3iFN2fivDjvzseiteDkM8fwR87nD5ISkU4=</latexit>

10�3
<latexit sha1_base64="7fxWfwSXDv4qHvXbdFRUerx2ObM=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuLHMqKDLohuXFewF2rFk0kwbmknGJFMowzyHGxeKuPVh3Pk2pu0stPWHwMd/zuGc/EHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QVPLRBHaIJJL1Q6wppwJ2jDMcNqOFcVRwGkrGN1O660xVZpJ8WAmMfUjPBAsZAQba/lpNwiR5z6mZxdZ1itX3Ko7E1oGL4cK5Kr3yl/dviRJRIUhHGvd8dzY+ClWhhFOs1I30TTGZIQHtGNR4IhqP50dnaET6/RRKJV9wqCZ+3sixZHWkyiwnRE2Q71Ym5r/1TqJCa/9lIk4MVSQ+aIw4chINE0A9ZmixPCJBUwUs7ciMsQKE2NzKtkQvMUvL0PzvOpZvr+s1G7yOIpwBMdwCh5cQQ3uoA4NIPAEz/AKb87YeXHenY95a8HJZw7hj5zPH5OYkU8=</latexit><latexit sha1_base64="7fxWfwSXDv4qHvXbdFRUerx2ObM=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuLHMqKDLohuXFewF2rFk0kwbmknGJFMowzyHGxeKuPVh3Pk2pu0stPWHwMd/zuGc/EHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QVPLRBHaIJJL1Q6wppwJ2jDMcNqOFcVRwGkrGN1O660xVZpJ8WAmMfUjPBAsZAQba/lpNwiR5z6mZxdZ1itX3Ko7E1oGL4cK5Kr3yl/dviRJRIUhHGvd8dzY+ClWhhFOs1I30TTGZIQHtGNR4IhqP50dnaET6/RRKJV9wqCZ+3sixZHWkyiwnRE2Q71Ym5r/1TqJCa/9lIk4MVSQ+aIw4chINE0A9ZmixPCJBUwUs7ciMsQKE2NzKtkQvMUvL0PzvOpZvr+s1G7yOIpwBMdwCh5cQQ3uoA4NIPAEz/AKb87YeXHenY95a8HJZw7hj5zPH5OYkU8=</latexit><latexit sha1_base64="7fxWfwSXDv4qHvXbdFRUerx2ObM=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuLHMqKDLohuXFewF2rFk0kwbmknGJFMowzyHGxeKuPVh3Pk2pu0stPWHwMd/zuGc/EHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QVPLRBHaIJJL1Q6wppwJ2jDMcNqOFcVRwGkrGN1O660xVZpJ8WAmMfUjPBAsZAQba/lpNwiR5z6mZxdZ1itX3Ko7E1oGL4cK5Kr3yl/dviRJRIUhHGvd8dzY+ClWhhFOs1I30TTGZIQHtGNR4IhqP50dnaET6/RRKJV9wqCZ+3sixZHWkyiwnRE2Q71Ym5r/1TqJCa/9lIk4MVSQ+aIw4chINE0A9ZmixPCJBUwUs7ciMsQKE2NzKtkQvMUvL0PzvOpZvr+s1G7yOIpwBMdwCh5cQQ3uoA4NIPAEz/AKb87YeXHenY95a8HJZw7hj5zPH5OYkU8=</latexit><latexit sha1_base64="7fxWfwSXDv4qHvXbdFRUerx2ObM=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuLHMqKDLohuXFewF2rFk0kwbmknGJFMowzyHGxeKuPVh3Pk2pu0stPWHwMd/zuGc/EHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QVPLRBHaIJJL1Q6wppwJ2jDMcNqOFcVRwGkrGN1O660xVZpJ8WAmMfUjPBAsZAQba/lpNwiR5z6mZxdZ1itX3Ko7E1oGL4cK5Kr3yl/dviRJRIUhHGvd8dzY+ClWhhFOs1I30TTGZIQHtGNR4IhqP50dnaET6/RRKJV9wqCZ+3sixZHWkyiwnRE2Q71Ym5r/1TqJCa/9lIk4MVSQ+aIw4chINE0A9ZmixPCJBUwUs7ciMsQKE2NzKtkQvMUvL0PzvOpZvr+s1G7yOIpwBMdwCh5cQQ3uoA4NIPAEz/AKb87YeXHenY95a8HJZw7hj5zPH5OYkU8=</latexit>

10�4
<latexit sha1_base64="pbY5VaS9Jo/HANfGB3mvtygmUsY=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuLHMSEGXRTcuK9gLtGPJpJk2NJOMSaZQhnkONy4UcevDuPNtTNtZaOsPgY//nMM5+YOYM21c99sprK1vbG4Vt0s7u3v7B+XDo5aWiSK0SSSXqhNgTTkTtGmY4bQTK4qjgNN2ML6d1dsTqjST4sFMY+pHeChYyAg21vLTXhAiz31ML2pZ1i9X3Ko7F1oFL4cK5Gr0y1+9gSRJRIUhHGvd9dzY+ClWhhFOs1Iv0TTGZIyHtGtR4IhqP50fnaEz6wxQKJV9wqC5+3sixZHW0yiwnRE2I71cm5n/1bqJCa/9lIk4MVSQxaIw4chINEsADZiixPCpBUwUs7ciMsIKE2NzKtkQvOUvr0LrsupZvq9V6jd5HEU4gVM4Bw+uoA530IAmEHiCZ3iFN2fivDjvzseiteDkM8fwR87nD5UekVA=</latexit><latexit sha1_base64="pbY5VaS9Jo/HANfGB3mvtygmUsY=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuLHMSEGXRTcuK9gLtGPJpJk2NJOMSaZQhnkONy4UcevDuPNtTNtZaOsPgY//nMM5+YOYM21c99sprK1vbG4Vt0s7u3v7B+XDo5aWiSK0SSSXqhNgTTkTtGmY4bQTK4qjgNN2ML6d1dsTqjST4sFMY+pHeChYyAg21vLTXhAiz31ML2pZ1i9X3Ko7F1oFL4cK5Gr0y1+9gSRJRIUhHGvd9dzY+ClWhhFOs1Iv0TTGZIyHtGtR4IhqP50fnaEz6wxQKJV9wqC5+3sixZHW0yiwnRE2I71cm5n/1bqJCa/9lIk4MVSQxaIw4chINEsADZiixPCpBUwUs7ciMsIKE2NzKtkQvOUvr0LrsupZvq9V6jd5HEU4gVM4Bw+uoA530IAmEHiCZ3iFN2fivDjvzseiteDkM8fwR87nD5UekVA=</latexit><latexit sha1_base64="pbY5VaS9Jo/HANfGB3mvtygmUsY=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuLHMSEGXRTcuK9gLtGPJpJk2NJOMSaZQhnkONy4UcevDuPNtTNtZaOsPgY//nMM5+YOYM21c99sprK1vbG4Vt0s7u3v7B+XDo5aWiSK0SSSXqhNgTTkTtGmY4bQTK4qjgNN2ML6d1dsTqjST4sFMY+pHeChYyAg21vLTXhAiz31ML2pZ1i9X3Ko7F1oFL4cK5Gr0y1+9gSRJRIUhHGvd9dzY+ClWhhFOs1Iv0TTGZIyHtGtR4IhqP50fnaEz6wxQKJV9wqC5+3sixZHW0yiwnRE2I71cm5n/1bqJCa/9lIk4MVSQxaIw4chINEsADZiixPCpBUwUs7ciMsIKE2NzKtkQvOUvr0LrsupZvq9V6jd5HEU4gVM4Bw+uoA530IAmEHiCZ3iFN2fivDjvzseiteDkM8fwR87nD5UekVA=</latexit><latexit sha1_base64="pbY5VaS9Jo/HANfGB3mvtygmUsY=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuLHMSEGXRTcuK9gLtGPJpJk2NJOMSaZQhnkONy4UcevDuPNtTNtZaOsPgY//nMM5+YOYM21c99sprK1vbG4Vt0s7u3v7B+XDo5aWiSK0SSSXqhNgTTkTtGmY4bQTK4qjgNN2ML6d1dsTqjST4sFMY+pHeChYyAg21vLTXhAiz31ML2pZ1i9X3Ko7F1oFL4cK5Gr0y1+9gSRJRIUhHGvd9dzY+ClWhhFOs1Iv0TTGZIyHtGtR4IhqP50fnaEz6wxQKJV9wqC5+3sixZHW0yiwnRE2I71cm5n/1bqJCa/9lIk4MVSQxaIw4chINEsADZiixPCpBUwUs7ciMsIKE2NzKtkQvOUvr0LrsupZvq9V6jd5HEU4gVM4Bw+uoA530IAmEHiCZ3iFN2fivDjvzseiteDkM8fwR87nD5UekVA=</latexit>

e
<latexit sha1_base64="RS4xZUpHj/j73+eQi3uB2tu666w=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMcFpv1L1a/5cZBWCAqpQqNGvfPUGimUJSssENaYb+KkNc6otZwKn5V5mMKVsTIfYdShpgibM5+tOyblzBiRW2j1pydz9PZHTxJhJErnOhNqRWa7NzP9q3czGN2HOZZpZlGzxUZwJYhWZ3U4GXCOzYuKAMs3droSNqKbMuoTKLoRg+eRVaF3WAscPV9X6bRFHCU7hDC4ggGuowz00oAkMxvAMr/Dmpd6L9+59LFrXvGLmBP7I+/wBEi2PYQ==</latexit><latexit sha1_base64="RS4xZUpHj/j73+eQi3uB2tu666w=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMcFpv1L1a/5cZBWCAqpQqNGvfPUGimUJSssENaYb+KkNc6otZwKn5V5mMKVsTIfYdShpgibM5+tOyblzBiRW2j1pydz9PZHTxJhJErnOhNqRWa7NzP9q3czGN2HOZZpZlGzxUZwJYhWZ3U4GXCOzYuKAMs3droSNqKbMuoTKLoRg+eRVaF3WAscPV9X6bRFHCU7hDC4ggGuowz00oAkMxvAMr/Dmpd6L9+59LFrXvGLmBP7I+/wBEi2PYQ==</latexit><latexit sha1_base64="RS4xZUpHj/j73+eQi3uB2tu666w=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMcFpv1L1a/5cZBWCAqpQqNGvfPUGimUJSssENaYb+KkNc6otZwKn5V5mMKVsTIfYdShpgibM5+tOyblzBiRW2j1pydz9PZHTxJhJErnOhNqRWa7NzP9q3czGN2HOZZpZlGzxUZwJYhWZ3U4GXCOzYuKAMs3droSNqKbMuoTKLoRg+eRVaF3WAscPV9X6bRFHCU7hDC4ggGuowz00oAkMxvAMr/Dmpd6L9+59LFrXvGLmBP7I+/wBEi2PYQ==</latexit><latexit sha1_base64="RS4xZUpHj/j73+eQi3uB2tu666w=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMcFpv1L1a/5cZBWCAqpQqNGvfPUGimUJSssENaYb+KkNc6otZwKn5V5mMKVsTIfYdShpgibM5+tOyblzBiRW2j1pydz9PZHTxJhJErnOhNqRWa7NzP9q3czGN2HOZZpZlGzxUZwJYhWZ3U4GXCOzYuKAMs3droSNqKbMuoTKLoRg+eRVaF3WAscPV9X6bRFHCU7hDC4ggGuowz00oAkMxvAMr/Dmpd6L9+59LFrXvGLmBP7I+/wBEi2PYQ==</latexit>

µ
<latexit sha1_base64="QGJi9CWOdLkug5Oo9bReAU8r5Ng=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVRIRdFl047KCfUATymQybYfOI8xMCiX0T9y4UMStf+LOv3HSZqGtB4Y5nHMvc+bEKaPa+P63U9nY3Nreqe7W9vYPDo/c45OOlpnCpI0lk6oXI00YFaRtqGGklyqCeMxIN57cF353SpSmUjyZWUoijkaCDilGxkoD183DWLJEz7i9Qp7NB27db/gLeOskKEkdSrQG7leYSJxxIgxmSOt+4KcmypEyFDMyr4WZJinCEzQifUsF4kRH+SL53LuwSuINpbJHGG+h/t7IEddFNjvJkRnrVa8Q//P6mRneRjkVaWaIwMuHhhnzjPSKGryEKoINm1mCsKI2q4fHSCFsbFk1W0Kw+uV10rlqBJY/Xtebd2UdVTiDc7iEAG6gCQ/QgjZgmMIzvMKbkzsvzrvzsRytOOXOKfyB8/kDThOUFA==</latexit><latexit sha1_base64="QGJi9CWOdLkug5Oo9bReAU8r5Ng=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVRIRdFl047KCfUATymQybYfOI8xMCiX0T9y4UMStf+LOv3HSZqGtB4Y5nHMvc+bEKaPa+P63U9nY3Nreqe7W9vYPDo/c45OOlpnCpI0lk6oXI00YFaRtqGGklyqCeMxIN57cF353SpSmUjyZWUoijkaCDilGxkoD183DWLJEz7i9Qp7NB27db/gLeOskKEkdSrQG7leYSJxxIgxmSOt+4KcmypEyFDMyr4WZJinCEzQifUsF4kRH+SL53LuwSuINpbJHGG+h/t7IEddFNjvJkRnrVa8Q//P6mRneRjkVaWaIwMuHhhnzjPSKGryEKoINm1mCsKI2q4fHSCFsbFk1W0Kw+uV10rlqBJY/Xtebd2UdVTiDc7iEAG6gCQ/QgjZgmMIzvMKbkzsvzrvzsRytOOXOKfyB8/kDThOUFA==</latexit><latexit sha1_base64="QGJi9CWOdLkug5Oo9bReAU8r5Ng=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVRIRdFl047KCfUATymQybYfOI8xMCiX0T9y4UMStf+LOv3HSZqGtB4Y5nHMvc+bEKaPa+P63U9nY3Nreqe7W9vYPDo/c45OOlpnCpI0lk6oXI00YFaRtqGGklyqCeMxIN57cF353SpSmUjyZWUoijkaCDilGxkoD183DWLJEz7i9Qp7NB27db/gLeOskKEkdSrQG7leYSJxxIgxmSOt+4KcmypEyFDMyr4WZJinCEzQifUsF4kRH+SL53LuwSuINpbJHGG+h/t7IEddFNjvJkRnrVa8Q//P6mRneRjkVaWaIwMuHhhnzjPSKGryEKoINm1mCsKI2q4fHSCFsbFk1W0Kw+uV10rlqBJY/Xtebd2UdVTiDc7iEAG6gCQ/QgjZgmMIzvMKbkzsvzrvzsRytOOXOKfyB8/kDThOUFA==</latexit><latexit sha1_base64="QGJi9CWOdLkug5Oo9bReAU8r5Ng=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVRIRdFl047KCfUATymQybYfOI8xMCiX0T9y4UMStf+LOv3HSZqGtB4Y5nHMvc+bEKaPa+P63U9nY3Nreqe7W9vYPDo/c45OOlpnCpI0lk6oXI00YFaRtqGGklyqCeMxIN57cF353SpSmUjyZWUoijkaCDilGxkoD183DWLJEz7i9Qp7NB27db/gLeOskKEkdSrQG7leYSJxxIgxmSOt+4KcmypEyFDMyr4WZJinCEzQifUsF4kRH+SL53LuwSuINpbJHGG+h/t7IEddFNjvJkRnrVa8Q//P6mRneRjkVaWaIwMuHhhnzjPSKGryEKoINm1mCsKI2q4fHSCFsbFk1W0Kw+uV10rlqBJY/Xtebd2UdVTiDc7iEAG6gCQ/QgjZgmMIzvMKbkzsvzrvzsRytOOXOKfyB8/kDThOUFA==</latexit>

N+⇤

N

10
<latexit sha1_base64="L0QSy9P9TEwTk9DT16b9rzvcv3k=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgmkLbSib7aZdutnE3YlQQv+EFw+KePXvePPfuG1z0NYXFh7emWFn3jCVwqDrfjultfWNza3ydmVnd2//oHp41DJJphn3WSIT3Qmp4VIo7qNAyTup5jQOJW+H49tZvf3EtRGJesBJyoOYDpWIBKNorU7eCyPiudN+tebW3bnIKngF1KBQs1/96g0SlsVcIZPUmK7nphjkVKNgkk8rvczwlLIxHfKuRUVjboJ8vu+UnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfrZhhdB7lQaYZcscVHUSYJJmR2PBkIzRnKiQXKtLC7EjaimjK0EVVsCN7yyavQuqh7lu8va42bIo4ynMApnIMHV9CAO2iCDwwkPMMrvDmPzovz7nwsWktOMXMMf+R8/gAy+Y9n</latexit><latexit sha1_base64="L0QSy9P9TEwTk9DT16b9rzvcv3k=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgmkLbSib7aZdutnE3YlQQv+EFw+KePXvePPfuG1z0NYXFh7emWFn3jCVwqDrfjultfWNza3ydmVnd2//oHp41DJJphn3WSIT3Qmp4VIo7qNAyTup5jQOJW+H49tZvf3EtRGJesBJyoOYDpWIBKNorU7eCyPiudN+tebW3bnIKngF1KBQs1/96g0SlsVcIZPUmK7nphjkVKNgkk8rvczwlLIxHfKuRUVjboJ8vu+UnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfrZhhdB7lQaYZcscVHUSYJJmR2PBkIzRnKiQXKtLC7EjaimjK0EVVsCN7yyavQuqh7lu8va42bIo4ynMApnIMHV9CAO2iCDwwkPMMrvDmPzovz7nwsWktOMXMMf+R8/gAy+Y9n</latexit><latexit sha1_base64="L0QSy9P9TEwTk9DT16b9rzvcv3k=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgmkLbSib7aZdutnE3YlQQv+EFw+KePXvePPfuG1z0NYXFh7emWFn3jCVwqDrfjultfWNza3ydmVnd2//oHp41DJJphn3WSIT3Qmp4VIo7qNAyTup5jQOJW+H49tZvf3EtRGJesBJyoOYDpWIBKNorU7eCyPiudN+tebW3bnIKngF1KBQs1/96g0SlsVcIZPUmK7nphjkVKNgkk8rvczwlLIxHfKuRUVjboJ8vu+UnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfrZhhdB7lQaYZcscVHUSYJJmR2PBkIzRnKiQXKtLC7EjaimjK0EVVsCN7yyavQuqh7lu8va42bIo4ynMApnIMHV9CAO2iCDwwkPMMrvDmPzovz7nwsWktOMXMMf+R8/gAy+Y9n</latexit><latexit sha1_base64="L0QSy9P9TEwTk9DT16b9rzvcv3k=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgmkLbSib7aZdutnE3YlQQv+EFw+KePXvePPfuG1z0NYXFh7emWFn3jCVwqDrfjultfWNza3ydmVnd2//oHp41DJJphn3WSIT3Qmp4VIo7qNAyTup5jQOJW+H49tZvf3EtRGJesBJyoOYDpWIBKNorU7eCyPiudN+tebW3bnIKngF1KBQs1/96g0SlsVcIZPUmK7nphjkVKNgkk8rvczwlLIxHfKuRUVjboJ8vu+UnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfrZhhdB7lQaYZcscVHUSYJJmR2PBkIzRnKiQXKtLC7EjaimjK0EVVsCN7yyavQuqh7lu8va42bIo4ynMApnIMHV9CAO2iCDwwkPMMrvDmPzovz7nwsWktOMXMMf+R8/gAy+Y9n</latexit>

12
<latexit sha1_base64="HBn65zz7pizFeqFMywiTA2Yl9wE=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjBfsBbSib7aRdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH47t5vf2ESvNYPpppgn5Eh5KHnFFjrU7WC0Li1Wb9csWtuguRdfByqECuRr/81RvELI1QGiao1l3PTYyfUWU4Ezgr9VKNCWVjOsSuRUkj1H622HdGLqwzIGGs7JOGLNzfExmNtJ5Gge2MqBnp1drc/K/WTU1442dcJqlByZYfhakgJibz48mAK2RGTC1QprjdlbARVZQZG1HJhuCtnrwOrVrVs/xwVanf5nEU4QzO4RI8uIY63EMDmsBAwDO8wpszcV6cd+dj2Vpw8plT+CPn8wc2A49p</latexit><latexit sha1_base64="HBn65zz7pizFeqFMywiTA2Yl9wE=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjBfsBbSib7aRdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH47t5vf2ESvNYPpppgn5Eh5KHnFFjrU7WC0Li1Wb9csWtuguRdfByqECuRr/81RvELI1QGiao1l3PTYyfUWU4Ezgr9VKNCWVjOsSuRUkj1H622HdGLqwzIGGs7JOGLNzfExmNtJ5Gge2MqBnp1drc/K/WTU1442dcJqlByZYfhakgJibz48mAK2RGTC1QprjdlbARVZQZG1HJhuCtnrwOrVrVs/xwVanf5nEU4QzO4RI8uIY63EMDmsBAwDO8wpszcV6cd+dj2Vpw8plT+CPn8wc2A49p</latexit><latexit sha1_base64="HBn65zz7pizFeqFMywiTA2Yl9wE=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjBfsBbSib7aRdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH47t5vf2ESvNYPpppgn5Eh5KHnFFjrU7WC0Li1Wb9csWtuguRdfByqECuRr/81RvELI1QGiao1l3PTYyfUWU4Ezgr9VKNCWVjOsSuRUkj1H622HdGLqwzIGGs7JOGLNzfExmNtJ5Gge2MqBnp1drc/K/WTU1442dcJqlByZYfhakgJibz48mAK2RGTC1QprjdlbARVZQZG1HJhuCtnrwOrVrVs/xwVanf5nEU4QzO4RI8uIY63EMDmsBAwDO8wpszcV6cd+dj2Vpw8plT+CPn8wc2A49p</latexit><latexit sha1_base64="HBn65zz7pizFeqFMywiTA2Yl9wE=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjBfsBbSib7aRdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH47t5vf2ESvNYPpppgn5Eh5KHnFFjrU7WC0Li1Wb9csWtuguRdfByqECuRr/81RvELI1QGiao1l3PTYyfUWU4Ezgr9VKNCWVjOsSuRUkj1H622HdGLqwzIGGs7JOGLNzfExmNtJ5Gge2MqBnp1drc/K/WTU1442dcJqlByZYfhakgJibz48mAK2RGTC1QprjdlbARVZQZG1HJhuCtnrwOrVrVs/xwVanf5nEU4QzO4RI8uIY63EMDmsBAwDO8wpszcV6cd+dj2Vpw8plT+CPn8wc2A49p</latexit> 14

<latexit sha1_base64="aQQEFnqF01mIDeXNNe6zL55xz0A=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSKeix6MVjBfsBbSib7aRdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH47t5vf2ESvNYPpppgn5Eh5KHnFFjrU7WC0Li1Wb9csWtuguRdfByqECuRr/81RvELI1QGiao1l3PTYyfUWU4Ezgr9VKNCWVjOsSuRUkj1H622HdGLqwzIGGs7JOGLNzfExmNtJ5Gge2MqBnp1drc/K/WTU1442dcJqlByZYfhakgJibz48mAK2RGTC1QprjdlbARVZQZG1HJhuCtnrwOrauqZ/mhVqnf5nEU4QzO4RI8uIY63EMDmsBAwDO8wpszcV6cd+dj2Vpw8plT+CPn8wc5DY9r</latexit><latexit sha1_base64="aQQEFnqF01mIDeXNNe6zL55xz0A=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSKeix6MVjBfsBbSib7aRdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH47t5vf2ESvNYPpppgn5Eh5KHnFFjrU7WC0Li1Wb9csWtuguRdfByqECuRr/81RvELI1QGiao1l3PTYyfUWU4Ezgr9VKNCWVjOsSuRUkj1H622HdGLqwzIGGs7JOGLNzfExmNtJ5Gge2MqBnp1drc/K/WTU1442dcJqlByZYfhakgJibz48mAK2RGTC1QprjdlbARVZQZG1HJhuCtnrwOrauqZ/mhVqnf5nEU4QzO4RI8uIY63EMDmsBAwDO8wpszcV6cd+dj2Vpw8plT+CPn8wc5DY9r</latexit><latexit sha1_base64="aQQEFnqF01mIDeXNNe6zL55xz0A=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSKeix6MVjBfsBbSib7aRdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH47t5vf2ESvNYPpppgn5Eh5KHnFFjrU7WC0Li1Wb9csWtuguRdfByqECuRr/81RvELI1QGiao1l3PTYyfUWU4Ezgr9VKNCWVjOsSuRUkj1H622HdGLqwzIGGs7JOGLNzfExmNtJ5Gge2MqBnp1drc/K/WTU1442dcJqlByZYfhakgJibz48mAK2RGTC1QprjdlbARVZQZG1HJhuCtnrwOrauqZ/mhVqnf5nEU4QzO4RI8uIY63EMDmsBAwDO8wpszcV6cd+dj2Vpw8plT+CPn8wc5DY9r</latexit><latexit sha1_base64="aQQEFnqF01mIDeXNNe6zL55xz0A=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSKeix6MVjBfsBbSib7aRdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH47t5vf2ESvNYPpppgn5Eh5KHnFFjrU7WC0Li1Wb9csWtuguRdfByqECuRr/81RvELI1QGiao1l3PTYyfUWU4Ezgr9VKNCWVjOsSuRUkj1H622HdGLqwzIGGs7JOGLNzfExmNtJ5Gge2MqBnp1drc/K/WTU1442dcJqlByZYfhakgJibz48mAK2RGTC1QprjdlbARVZQZG1HJhuCtnrwOrauqZ/mhVqnf5nEU4QzO4RI8uIY63EMDmsBAwDO8wpszcV6cd+dj2Vpw8plT+CPn8wc5DY9r</latexit>

R [km]
<latexit sha1_base64="61kumCVmutnLcGj63CLdrhR5hL0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlFXuB6VAyaaYNTTJjkimUoX0NNy4UcevDuPNtTNtZaOsPgY//nMM5+cOEM21c99sprK1vbG4Vt0s7u3v7B+XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB2Vm+NqNIslo9mnNBA4L5kESPYWCvIOmGEHqZTfyiCSbdccavuXGgVvBwqkKveLX91ejFJBZWGcKy177mJCTKsDCOcTkqdVNMEkyHuU9+ixILqIJsfPUFn1umhKFb2SYPm7u+JDAutxyK0nQKbgV6uzcz/an5qousgYzJJDZVksShKOTIxmiWAekxRYvjYAiaK2VsRGWCFibE5lWwI3vKXV6F5UfUs319Wajd5HEU4gVM4Bw+uoAZ3UIcGEHiCZ3iFN2fkvDjvzseiteDkM8fwR87nD8UskhY=</latexit><latexit sha1_base64="61kumCVmutnLcGj63CLdrhR5hL0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlFXuB6VAyaaYNTTJjkimUoX0NNy4UcevDuPNtTNtZaOsPgY//nMM5+cOEM21c99sprK1vbG4Vt0s7u3v7B+XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB2Vm+NqNIslo9mnNBA4L5kESPYWCvIOmGEHqZTfyiCSbdccavuXGgVvBwqkKveLX91ejFJBZWGcKy177mJCTKsDCOcTkqdVNMEkyHuU9+ixILqIJsfPUFn1umhKFb2SYPm7u+JDAutxyK0nQKbgV6uzcz/an5qousgYzJJDZVksShKOTIxmiWAekxRYvjYAiaK2VsRGWCFibE5lWwI3vKXV6F5UfUs319Wajd5HEU4gVM4Bw+uoAZ3UIcGEHiCZ3iFN2fkvDjvzseiteDkM8fwR87nD8UskhY=</latexit><latexit sha1_base64="61kumCVmutnLcGj63CLdrhR5hL0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlFXuB6VAyaaYNTTJjkimUoX0NNy4UcevDuPNtTNtZaOsPgY//nMM5+cOEM21c99sprK1vbG4Vt0s7u3v7B+XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB2Vm+NqNIslo9mnNBA4L5kESPYWCvIOmGEHqZTfyiCSbdccavuXGgVvBwqkKveLX91ejFJBZWGcKy177mJCTKsDCOcTkqdVNMEkyHuU9+ixILqIJsfPUFn1umhKFb2SYPm7u+JDAutxyK0nQKbgV6uzcz/an5qousgYzJJDZVksShKOTIxmiWAekxRYvjYAiaK2VsRGWCFibE5lWwI3vKXV6F5UfUs319Wajd5HEU4gVM4Bw+uoAZ3UIcGEHiCZ3iFN2fkvDjvzseiteDkM8fwR87nD8UskhY=</latexit><latexit sha1_base64="61kumCVmutnLcGj63CLdrhR5hL0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlFXuB6VAyaaYNTTJjkimUoX0NNy4UcevDuPNtTNtZaOsPgY//nMM5+cOEM21c99sprK1vbG4Vt0s7u3v7B+XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB2Vm+NqNIslo9mnNBA4L5kESPYWCvIOmGEHqZTfyiCSbdccavuXGgVvBwqkKveLX91ejFJBZWGcKy177mJCTKsDCOcTkqdVNMEkyHuU9+ixILqIJsfPUFn1umhKFb2SYPm7u+JDAutxyK0nQKbgV6uzcz/an5qousgYzJJDZVksShKOTIxmiWAekxRYvjYAiaK2VsRGWCFibE5lWwI3vKXV6F5UfUs319Wajd5HEU4gVM4Bw+uoAZ3UIcGEHiCZ3iFN2fkvDjvzseiteDkM8fwR87nD8UskhY=</latexit>

M

M�
<latexit sha1_base64="a4imBG4O3UBFJG3z+YrXNEnaoTM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEBF0W3bgpVLAPaEKYTCbt0MlMmJkIJWbhr7hxoYhbf8Odf+O0zUJbDwwczjmXe+eEKaNKO863VVlZXVvfqG7WtrZ3dvfs/YOuEpnEpIMFE7IfIkUY5aSjqWakn0qCkpCRXji+mfq9ByIVFfxeT1LiJ2jIaUwx0kYK7KPcC2OYtzxhUrAVeCISuigCu+40nBngMnFLUgcl2oH95UUCZwnhGjOk1MB1Uu3nSGqKGSlqXqZIivAYDcnAUI4Sovx8dn8BT40SwVhI87iGM/X3RI4SpSZJaJIJ0iO16E3F/7xBpuMrP6c8zTTheL4ozhjUAk7LgBGVBGs2MQRhSc2tEI+QRFibymqmBHfxy8uke95wDb+7qDevyzqq4BicgDPggkvQBLegDToAg0fwDF7Bm/VkvVjv1sc8WrHKmUPwB9bnD9xNlf4=</latexit><latexit sha1_base64="a4imBG4O3UBFJG3z+YrXNEnaoTM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEBF0W3bgpVLAPaEKYTCbt0MlMmJkIJWbhr7hxoYhbf8Odf+O0zUJbDwwczjmXe+eEKaNKO863VVlZXVvfqG7WtrZ3dvfs/YOuEpnEpIMFE7IfIkUY5aSjqWakn0qCkpCRXji+mfq9ByIVFfxeT1LiJ2jIaUwx0kYK7KPcC2OYtzxhUrAVeCISuigCu+40nBngMnFLUgcl2oH95UUCZwnhGjOk1MB1Uu3nSGqKGSlqXqZIivAYDcnAUI4Sovx8dn8BT40SwVhI87iGM/X3RI4SpSZJaJIJ0iO16E3F/7xBpuMrP6c8zTTheL4ozhjUAk7LgBGVBGs2MQRhSc2tEI+QRFibymqmBHfxy8uke95wDb+7qDevyzqq4BicgDPggkvQBLegDToAg0fwDF7Bm/VkvVjv1sc8WrHKmUPwB9bnD9xNlf4=</latexit><latexit sha1_base64="a4imBG4O3UBFJG3z+YrXNEnaoTM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEBF0W3bgpVLAPaEKYTCbt0MlMmJkIJWbhr7hxoYhbf8Odf+O0zUJbDwwczjmXe+eEKaNKO863VVlZXVvfqG7WtrZ3dvfs/YOuEpnEpIMFE7IfIkUY5aSjqWakn0qCkpCRXji+mfq9ByIVFfxeT1LiJ2jIaUwx0kYK7KPcC2OYtzxhUrAVeCISuigCu+40nBngMnFLUgcl2oH95UUCZwnhGjOk1MB1Uu3nSGqKGSlqXqZIivAYDcnAUI4Sovx8dn8BT40SwVhI87iGM/X3RI4SpSZJaJIJ0iO16E3F/7xBpuMrP6c8zTTheL4ozhjUAk7LgBGVBGs2MQRhSc2tEI+QRFibymqmBHfxy8uke95wDb+7qDevyzqq4BicgDPggkvQBLegDToAg0fwDF7Bm/VkvVjv1sc8WrHKmUPwB9bnD9xNlf4=</latexit><latexit sha1_base64="a4imBG4O3UBFJG3z+YrXNEnaoTM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEBF0W3bgpVLAPaEKYTCbt0MlMmJkIJWbhr7hxoYhbf8Odf+O0zUJbDwwczjmXe+eEKaNKO863VVlZXVvfqG7WtrZ3dvfs/YOuEpnEpIMFE7IfIkUY5aSjqWakn0qCkpCRXji+mfq9ByIVFfxeT1LiJ2jIaUwx0kYK7KPcC2OYtzxhUrAVeCISuigCu+40nBngMnFLUgcl2oH95UUCZwnhGjOk1MB1Uu3nSGqKGSlqXqZIivAYDcnAUI4Sovx8dn8BT40SwVhI87iGM/X3RI4SpSZJaJIJ0iO16E3F/7xBpuMrP6c8zTTheL4ozhjUAk7LgBGVBGs2MQRhSc2tEI+QRFibymqmBHfxy8uke95wDb+7qDevyzqq4BicgDPggkvQBLegDToAg0fwDF7Bm/VkvVjv1sc8WrHKmUPwB9bnD9xNlf4=</latexit>

0
<latexit sha1_base64="R6U1PwnApgA+/rWxqPudw4BatRo=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMfGn/UrVr/lzkVUICqhCoUa/8tUbKJYlKC0T1Jhu4Kc2zKm2nAmclnuZwZSyMR1i16GkCZown687JefOGZBYafekJXP390ROE2MmSeQ6E2pHZrk2M/+rdTMb34Q5l2lmUbLFR3EmiFVkdjsZcI3MiokDyjR3uxI2opoy6xIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwZWPLA==</latexit><latexit sha1_base64="R6U1PwnApgA+/rWxqPudw4BatRo=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMfGn/UrVr/lzkVUICqhCoUa/8tUbKJYlKC0T1Jhu4Kc2zKm2nAmclnuZwZSyMR1i16GkCZown687JefOGZBYafekJXP390ROE2MmSeQ6E2pHZrk2M/+rdTMb34Q5l2lmUbLFR3EmiFVkdjsZcI3MiokDyjR3uxI2opoy6xIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwZWPLA==</latexit><latexit sha1_base64="R6U1PwnApgA+/rWxqPudw4BatRo=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMfGn/UrVr/lzkVUICqhCoUa/8tUbKJYlKC0T1Jhu4Kc2zKm2nAmclnuZwZSyMR1i16GkCZown687JefOGZBYafekJXP390ROE2MmSeQ6E2pHZrk2M/+rdTMb34Q5l2lmUbLFR3EmiFVkdjsZcI3MiokDyjR3uxI2opoy6xIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwZWPLA==</latexit><latexit sha1_base64="R6U1PwnApgA+/rWxqPudw4BatRo=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMfGn/UrVr/lzkVUICqhCoUa/8tUbKJYlKC0T1Jhu4Kc2zKm2nAmclnuZwZSyMR1i16GkCZown687JefOGZBYafekJXP390ROE2MmSeQ6E2pHZrk2M/+rdTMb34Q5l2lmUbLFR3EmiFVkdjsZcI3MiokDyjR3uxI2opoy6xIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwZWPLA==</latexit>

0.5
<latexit sha1_base64="agde7oG1ZhitCAf2cXbtzkz8obo=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woj41YtJr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+mAY+j</latexit><latexit sha1_base64="agde7oG1ZhitCAf2cXbtzkz8obo=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woj41YtJr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+mAY+j</latexit><latexit sha1_base64="agde7oG1ZhitCAf2cXbtzkz8obo=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woj41YtJr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+mAY+j</latexit><latexit sha1_base64="agde7oG1ZhitCAf2cXbtzkz8obo=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woj41YtJr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+mAY+j</latexit>

1.0
<latexit sha1_base64="N1HnvWtq0R7kucULQDBBsYWnyCY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhEJqv60X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf74+f</latexit><latexit sha1_base64="N1HnvWtq0R7kucULQDBBsYWnyCY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhEJqv60X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf74+f</latexit><latexit sha1_base64="N1HnvWtq0R7kucULQDBBsYWnyCY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhEJqv60X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf74+f</latexit><latexit sha1_base64="N1HnvWtq0R7kucULQDBBsYWnyCY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhEJqv60X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf74+f</latexit>

1.5
<latexit sha1_base64="AUIdnAlv52iH1/dHIx7KPr85geg=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqF5MeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+niI+k</latexit><latexit sha1_base64="AUIdnAlv52iH1/dHIx7KPr85geg=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqF5MeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+niI+k</latexit><latexit sha1_base64="AUIdnAlv52iH1/dHIx7KPr85geg=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqF5MeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+niI+k</latexit><latexit sha1_base64="AUIdnAlv52iH1/dHIx7KPr85geg=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqF5MeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+niI+k</latexit>

2.0
<latexit sha1_base64="Bs9TbpiUOisX8P+RW3HvmjbSfH4=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfRY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJFqxZ/2S2W/4s9FViHIoQy56v3SV3cQs1SiskxQYzqBn9heRrXlTOC02E0NJpSN6RA7DhWVaHrZfOEpOXfOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HRhRAsn7wKzWolcHx/Wa7d5HEU4BTO4AICuIIa3EEdGsBAwjO8wpunvRfv3ftYtK55+cwJ/JH3+QOhdo+g</latexit><latexit sha1_base64="Bs9TbpiUOisX8P+RW3HvmjbSfH4=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfRY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJFqxZ/2S2W/4s9FViHIoQy56v3SV3cQs1SiskxQYzqBn9heRrXlTOC02E0NJpSN6RA7DhWVaHrZfOEpOXfOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HRhRAsn7wKzWolcHx/Wa7d5HEU4BTO4AICuIIa3EEdGsBAwjO8wpunvRfv3ftYtK55+cwJ/JH3+QOhdo+g</latexit><latexit sha1_base64="Bs9TbpiUOisX8P+RW3HvmjbSfH4=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfRY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJFqxZ/2S2W/4s9FViHIoQy56v3SV3cQs1SiskxQYzqBn9heRrXlTOC02E0NJpSN6RA7DhWVaHrZfOEpOXfOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HRhRAsn7wKzWolcHx/Wa7d5HEU4BTO4AICuIIa3EEdGsBAwjO8wpunvRfv3ftYtK55+cwJ/JH3+QOhdo+g</latexit><latexit sha1_base64="Bs9TbpiUOisX8P+RW3HvmjbSfH4=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfRY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJFqxZ/2S2W/4s9FViHIoQy56v3SV3cQs1SiskxQYzqBn9heRrXlTOC02E0NJpSN6RA7DhWVaHrZfOEpOXfOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HRhRAsn7wKzWolcHx/Wa7d5HEU4BTO4AICuIIa3EEdGsBAwjO8wpunvRfv3ftYtK55+cwJ/JH3+QOhdo+g</latexit>

2.5
<latexit sha1_base64="MGntFVu0j63EbKBbVe8HJ6aLB9w=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozRdFl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxq1ctpv1zxq/5caBWCHCqQq9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrkOJBTVhNl94is6cM0Cx0u5Ji+bu74kMC2MmInKdAtuRWa7NzP9q3dTG12HGZJJaKsniozjlyCo0ux4NmKbE8okDTDRzuyIywhoT6zIquRCC5ZNXoVWrBo7vLyr1mzyOIpzAKZxDAFdQhztoQBMICHiGV3jztPfivXsfi9aCl88cwx95nz+pD4+l</latexit><latexit sha1_base64="MGntFVu0j63EbKBbVe8HJ6aLB9w=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozRdFl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxq1ctpv1zxq/5caBWCHCqQq9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrkOJBTVhNl94is6cM0Cx0u5Ji+bu74kMC2MmInKdAtuRWa7NzP9q3dTG12HGZJJaKsniozjlyCo0ux4NmKbE8okDTDRzuyIywhoT6zIquRCC5ZNXoVWrBo7vLyr1mzyOIpzAKZxDAFdQhztoQBMICHiGV3jztPfivXsfi9aCl88cwx95nz+pD4+l</latexit><latexit sha1_base64="MGntFVu0j63EbKBbVe8HJ6aLB9w=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozRdFl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxq1ctpv1zxq/5caBWCHCqQq9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrkOJBTVhNl94is6cM0Cx0u5Ji+bu74kMC2MmInKdAtuRWa7NzP9q3dTG12HGZJJaKsniozjlyCo0ux4NmKbE8okDTDRzuyIywhoT6zIquRCC5ZNXoVWrBo7vLyr1mzyOIpzAKZxDAFdQhztoQBMICHiGV3jztPfivXsfi9aCl88cwx95nz+pD4+l</latexit><latexit sha1_base64="MGntFVu0j63EbKBbVe8HJ6aLB9w=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozRdFl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxq1ctpv1zxq/5caBWCHCqQq9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrkOJBTVhNl94is6cM0Cx0u5Ji+bu74kMC2MmInKdAtuRWa7NzP9q3dTG12HGZJJaKsniozjlyCo0ux4NmKbE8okDTDRzuyIywhoT6zIquRCC5ZNXoVWrBo7vLyr1mzyOIpzAKZxDAFdQhztoQBMICHiGV3jztPfivXsfi9aCl88cwx95nz+pD4+l</latexit>

3.0
<latexit sha1_base64="4Y0DaqoE2KZxQPyhgHjW5bJdtfw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdBj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woicV/1Jr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vLiq16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+i/Y+h</latexit><latexit sha1_base64="4Y0DaqoE2KZxQPyhgHjW5bJdtfw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdBj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woicV/1Jr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vLiq16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+i/Y+h</latexit><latexit sha1_base64="4Y0DaqoE2KZxQPyhgHjW5bJdtfw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdBj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woicV/1Jr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vLiq16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+i/Y+h</latexit><latexit sha1_base64="4Y0DaqoE2KZxQPyhgHjW5bJdtfw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdBj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woicV/1Jr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vLiq16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+i/Y+h</latexit>
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<latexit sha1_base64="sLczgYTLbF+gn2SZm5M9/o/xCng=">AAAB8XicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZEXRZdOOygr1gO5RMmmlDM8mQZIRh6Fu4caGIW9/GnW9j2s5CW38IfPznHHLOHyaCG+t536i0tr6xuVXeruzs7u0fVA+P2kalmrIWVULpbkgME1yyluVWsG6iGYlDwTrh5HZW7zwxbbiSDzZLWBCTkeQRp8Q66zHvhxFWUmTTQbXm1b258Cr4BdSgUHNQ/eoPFU1jJi0VxJie7yU2yIm2nAo2rfRTwxJCJ2TEeg4liZkJ8vnGU3zmnCGOlHZPWjx3f0/kJDYmi0PXGRM7Nsu1mflfrZfa6DrIuUxSyyRdfBSlAluFZ+fjIdeMWpE5IFRztyumY6IJtS6kigvBXz55FdoXdd/x/WWtcVPEUYYTOIVz8OEKGnAHTWgBBQnP8ApvyKAX9I4+Fq0lVMwcwx+hzx+bRJDc</latexit><latexit sha1_base64="sLczgYTLbF+gn2SZm5M9/o/xCng=">AAAB8XicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZEXRZdOOygr1gO5RMmmlDM8mQZIRh6Fu4caGIW9/GnW9j2s5CW38IfPznHHLOHyaCG+t536i0tr6xuVXeruzs7u0fVA+P2kalmrIWVULpbkgME1yyluVWsG6iGYlDwTrh5HZW7zwxbbiSDzZLWBCTkeQRp8Q66zHvhxFWUmTTQbXm1b258Cr4BdSgUHNQ/eoPFU1jJi0VxJie7yU2yIm2nAo2rfRTwxJCJ2TEeg4liZkJ8vnGU3zmnCGOlHZPWjx3f0/kJDYmi0PXGRM7Nsu1mflfrZfa6DrIuUxSyyRdfBSlAluFZ+fjIdeMWpE5IFRztyumY6IJtS6kigvBXz55FdoXdd/x/WWtcVPEUYYTOIVz8OEKGnAHTWgBBQnP8ApvyKAX9I4+Fq0lVMwcwx+hzx+bRJDc</latexit><latexit sha1_base64="sLczgYTLbF+gn2SZm5M9/o/xCng=">AAAB8XicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZEXRZdOOygr1gO5RMmmlDM8mQZIRh6Fu4caGIW9/GnW9j2s5CW38IfPznHHLOHyaCG+t536i0tr6xuVXeruzs7u0fVA+P2kalmrIWVULpbkgME1yyluVWsG6iGYlDwTrh5HZW7zwxbbiSDzZLWBCTkeQRp8Q66zHvhxFWUmTTQbXm1b258Cr4BdSgUHNQ/eoPFU1jJi0VxJie7yU2yIm2nAo2rfRTwxJCJ2TEeg4liZkJ8vnGU3zmnCGOlHZPWjx3f0/kJDYmi0PXGRM7Nsu1mflfrZfa6DrIuUxSyyRdfBSlAluFZ+fjIdeMWpE5IFRztyumY6IJtS6kigvBXz55FdoXdd/x/WWtcVPEUYYTOIVz8OEKGnAHTWgBBQnP8ApvyKAX9I4+Fq0lVMwcwx+hzx+bRJDc</latexit><latexit sha1_base64="sLczgYTLbF+gn2SZm5M9/o/xCng=">AAAB8XicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZEXRZdOOygr1gO5RMmmlDM8mQZIRh6Fu4caGIW9/GnW9j2s5CW38IfPznHHLOHyaCG+t536i0tr6xuVXeruzs7u0fVA+P2kalmrIWVULpbkgME1yyluVWsG6iGYlDwTrh5HZW7zwxbbiSDzZLWBCTkeQRp8Q66zHvhxFWUmTTQbXm1b258Cr4BdSgUHNQ/eoPFU1jJi0VxJie7yU2yIm2nAo2rfRTwxJCJ2TEeg4liZkJ8vnGU3zmnCGOlHZPWjx3f0/kJDYmi0PXGRM7Nsu1mflfrZfa6DrIuUxSyyRdfBSlAluFZ+fjIdeMWpE5IFRztyumY6IJtS6kigvBXz55FdoXdd/x/WWtcVPEUYYTOIVz8OEKGnAHTWgBBQnP8ApvyKAX9I4+Fq0lVMwcwx+hzx+bRJDc</latexit>
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been performed. In this case the additional repulsion
provided by the model (II) pushes �th

� towards a density
region where the contribution coming from the hyperon-
nucleon potential cannot be compensated by the gain in
kinetic energy. It has to be stressed that (I) and (II) give
qualitatively similar results for hypernuclei. This clearly
shows that an EoS constrained on the available binding
energies of light hypernuclei is not sufficient to draw any
definite conclusion about the composition of the neutron
star core.

The mass-radius relations for PNM and HNM obtained
by solving the Tolman-Oppenheimer-Volkoff (TOV)
equations [47] with the EoS of Fig. 1 are shown in Fig. 2.
The onset of � particles in neutron matter sizably reduces
the predicted maximum mass with respect to the PNM
case. The attractive feature of the two-body �N interac-
tion leads to the very low maximum mass of 0.66(2)M�,
while the repulsive �NN potential increases the pre-
dicted maximum mass to 1.36(5)M�. The latter result
is compatible with Hartree-Fock and Brueckner-Hartree-
Fock calculations (see for instance Refs. [2–5]).
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Figure 2. (Color online) Mass-radius relations. The key is
the same of Fig. 1. Full dots represent the predicted max-
imum masses. Horizontal bands at � 2M� are the ob-
served masses of the heavy pulsars PSR J1614-2230 [18] and
PSR J0348+0432 [19]. The grey shaded region is the excluded
part of the plot due to causality.

The repulsion introduced by the three-body force plays
a crucial role, substantially increasing the value of the
� threshold density. In particular, when model (II) for
the �NN force is used, the energy balance never favors
the onset of hyperons within the the density domain that
has been studied in the present work (� � 0.56 fm�3).
It is interesting to observe that the mass-radius relation
for PNM up to � = 3.5�0 already predicts a NS mass
of 2.09(1)M� (black dot-dashed curve in Fig. 2). Even
if � particles would appear at higher baryon densities,
the predicted maximum mass is consistent with present

astrophysical observations.

In this Letter we have reported on the first Quantum
Monte Carlo calculations for hyperneutron matter, in-
cluding neutrons and � particles. As already verified
in hypernuclei, we found that the three-body hyperon-
nucleon interaction dramatically affects the onset of hy-
perons in neutron matter. When using a three-body
�NN force that overbinds hypernuclei, hyperons appear
around twice saturation density and the predicted max-
imum mass is 1.36(5)M�. By employing a hyperon-
nucleon-nucleon interaction that better reproduces the
experimental separation energies of medium-light hyper-
nuclei, the presence of hyperons is disfavored in the neu-
tron bulk at least until � = 0.56 fm�3 and the lower
limit for the predicted maximum mass is 2.09(1)M�.
Therefore, within the �N model that we have consid-
ered, the presence of hyperons in the core of the neutron
stars cannot be satisfactory established and thus there is
no clear incompatibility with astrophysical observations
when lambdas are included. We conclude that in order to
discuss the role of hyperons - at least lambdas - in neu-
tron stars, the �NN interaction cannot be completely
determined by fitting the available experimental energies
in � hypernuclei. In other words, the �-neutron-neutron
component of the �NN will need additional theoret-
ical investigation and a substantial additional amount
of experimental data. In particular, there are some
features of the hyperon-nucleon interaction (�-neutron-
neutron channels, spin-orbit contributions) which might
be efficiently constrained only by experiments involving
highly asymmetric hypernuclei and/or excitation of the
hyperon. We believe that our conclusions will not change
qualitatively if other hyperons and/or a v�� are included
in the calculation.
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Fig. 5 Mass-radius relations for neutron stars. Solid black curve: ChEFT result (nucleon +
pion degrees of freedom) taken from [29]; colored curves: QMC computations [30] including
⇤ hyperons with phenomenological ⇤N forces and two versions of repulsive ⇤NN three-body
interactions. Version ⇤NN(2) reproduces the systematics of hypernuclear binding energies.

tational collapse. An EoS based on ChEFT with “conventional” nucleon and
pion degrees of freedom can produce su�cient pressure at high density, gen-
erated by repusive three-body forces and the impact of the Pauli principle on
the in-medium nucleon-nucleon e↵ective interaction [29] (see Fig. 5). However,
neutrons in the core of the star tend to be replaced by ⇤ hyperons at densities
(typically around 2-3 %0) where this becomes energetically favorable. Then
the EoS would soften too much so that maximum neutron star masses of 2M�
cannot be sustained any more.

A recent advanced quantum Monte Carlo (QMC) computation of neutron
star matter, with hyperons added [30], emphasizes this issue. While this cal-
culation still uses phenomenological ⇤N input interactions, the conclusions
are nonetheless instructive. When parametrized repulsive ⇤NN three-body
forces are added subject to the condition that the systematics of hypernuclear
binding energies be reproduced, the admixture of ⇤’s in neutron star mat-
ter gets strongly reduced such that the pressure to support a 2M� star can
be maintained as demonstrated in Fig. 5. The pending question is whether
the necessary repulsive e↵ect can be entirely relegated to a hypothetical ⇤NN
three-body force, or whether at least a large part of it comes from momentum-
dependent ⇤N two-body interactions as they appear in the SU(3) ChEFT
treatment [26] at next-to-leading order.

5 Concluding remarks and summary

Progress has been made in establishing chiral SU(3) e↵ective field theory as
the adequate realization of low-energy QCD with strange quarks. It defines a
consistent and well organized coupled-channels framework for kaon-, antikaon-
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an explicit degree of freedom. Here arises the arctan loop function. At the same order there are additional relativistic

1/MN -corrections to 2⇡-exchange. Their explicit form depends on the precise definition of the nucleon-nucleon potential

VNN , which by itself is not an observable. Covariant perturbation theory [? ] and the method of unitary transformations

[? ] thus lead to slightly di↵erent expressions for these small 1/MN -corrections. As the state of the art, the chiral

NN-potential has been constructed up to order N3LO and it includes two-loop 2⇡-exchange, 3⇡-exchange and contact-

terms quartic in the momenta parameterized by 15 additional low-energy constants D1, . . . , D15. When inserted into the

Lippmann-Schwinger equation (in order to solve for the unitary S-matrix or the T -matrix) the chiral NN-potential is

multiplied by an exponential regulator function with a cuto↵ scale ⇤ = 500� 700MeV in order to restrict the potential

to the low-momentum region where chiral perturbation theory is applicable. The resulting NN partial-wave amplitudes

should then be independent of the cuto↵ ⇤ within a physically meaningful range of ⇤. The development of an alternative

power counting that would extend renormalization group invariance beyond the hard scale ⇤� is currently an area of

active investigation [? ? ? ]. Furthermore, methods of spectral function regularization [? ] have been employed in order

to eliminate the high-momentum region in the pion-loop integrals directly. In this case the loop functions L(q) and A(q)

receive an additional dependence on a regulator scale ⇤̃.

At order N3LO the chiral NN-potential reaches the quality of a “high-precision” potential in reproducing empirical

NN-phase shifts and deuteron properties. At the same time it provides the appropriate two-body interaction constrained

by chiral symmetry of QCD for nuclear few- and many-body calculations.

3.1.2. Nuclear many-body forces

Within the chiral e↵ective field theory framework employing nucleons and pions as the explicit degrees of freedom,

the leading-order contribution to the nuclear three-body potential arises at order N2LO and consists of three terms. The

two-pion exchange three-nucleon potential contains terms proportional to the low-energy constants c1, c3, and c4 and has

the form
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Fig. 1. Relevant Feynman diagrams up-to-and-including next-to-leading order. Solid and dashed lines denote octet
baryons and pseudoscalar mesons, respectively. The square symbolizes a contact vertex with two derivatives. From left
to right: LO contact term, one-meson exchange, NLO contact term, planar box, crossed box, left triangle, right triangle,
football diagram.

2. Chiral potential at next-to-leading order

The derivation of chiral baryon–baryon potentials for the strangeness sector at LO using the
Weinberg power counting has been outlined in Refs. [21,44–46]. The NLO contributions for the
NN case are described in detail in Ref. [33], while the extension to baryon–baryon systems with
any combination of octet baryons has been worked out in Ref. [47]. The LO potential consists
of four-baryon contact terms without derivatives and of one-pseudoscalar-meson exchanges. At
NLO contact terms with two derivatives arise, together with loop contributions from (irreducible)
two-pseudoscalar-meson exchanges. The corresponding Feynman diagrams are shown in Fig. 1.

2.1. Contact terms

The spin dependence of the potentials due to leading order contact terms is given by [33]

V
(0)
BB→BB = CS + CT σ 1 · σ 2, (1)

where the parameters CS and CT are low-energy constants (LECs), depending on the considered
baryon–baryon channel, which need to be determined in a fit to data. At next-to-leading order
the spin and momentum dependence of the contact terms reads

V
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+ C6(q · σ 1)(q · σ 2) + C7(k · σ 1)(k · σ 2) + i
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C8(σ 1 − σ 2) · (q × k), (2)

where Ci (i = 1, . . . ,8) are additional LECs. The transferred and average momenta, q and k,
are defined in terms of the final and initial center-of-mass momenta of the baryons, p′ and p, as
q = p′−p and k = (p′+p)/2. When performing a partial-wave projection, these terms contribute
to the two S-wave (1S0, 3S1) potentials, the four P -wave (1P1, 3P0, 3P1, 3P2) potentials, and
the 3S1–3D1 and 1P1–3P1 transition potentials in the following way [29]:
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Fig. 1. Relevant Feynman diagrams up-to-and-including next-to-leading order. Solid and dashed lines denote octet
baryons and pseudoscalar mesons, respectively. The square symbolizes a contact vertex with two derivatives. From left
to right: LO contact term, one-meson exchange, NLO contact term, planar box, crossed box, left triangle, right triangle,
football diagram.
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The derivation of chiral baryon–baryon potentials for the strangeness sector at LO using the
Weinberg power counting has been outlined in Refs. [21,44–46]. The NLO contributions for the
NN case are described in detail in Ref. [33], while the extension to baryon–baryon systems with
any combination of octet baryons has been worked out in Ref. [47]. The LO potential consists
of four-baryon contact terms without derivatives and of one-pseudoscalar-meson exchanges. At
NLO contact terms with two derivatives arise, together with loop contributions from (irreducible)
two-pseudoscalar-meson exchanges. The corresponding Feynman diagrams are shown in Fig. 1.
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Fig. 1. Relevant Feynman diagrams up-to-and-including next-to-leading order. Solid and dashed lines denote octet
baryons and pseudoscalar mesons, respectively. The square symbolizes a contact vertex with two derivatives. From left
to right: LO contact term, one-meson exchange, NLO contact term, planar box, crossed box, left triangle, right triangle,
football diagram.
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The derivation of chiral baryon–baryon potentials for the strangeness sector at LO using the
Weinberg power counting has been outlined in Refs. [21,44–46]. The NLO contributions for the
NN case are described in detail in Ref. [33], while the extension to baryon–baryon systems with
any combination of octet baryons has been worked out in Ref. [47]. The LO potential consists
of four-baryon contact terms without derivatives and of one-pseudoscalar-meson exchanges. At
NLO contact terms with two derivatives arise, together with loop contributions from (irreducible)
two-pseudoscalar-meson exchanges. The corresponding Feynman diagrams are shown in Fig. 1.
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Strong short-distance repulsive interaction in all channels
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Fig. 2. “Total” cross section σ (as defined in Eq. (24)) as a function of plab. The experimental cross sections are taken
from Refs. [54] (filled circles), [55] (open squares), [69] (open circles), and [70] (filled squares) (Λp → Λp), from [56]
(Σ−p → Λn, Σ−p → Σ0n) and from [57] (Σ−p → Σ−p, Σ+p → Σ+p). The red/dark band shows the chiral EFT
results to NLO for variations of the cutoff in the range Λ = 500, . . . ,650 MeV, while the green/light band are results to
LO for Λ = 550, . . . ,700 MeV. The dashed curve is the result of the Jülich ’04 meson-exchange potential [37].

also for Λp the NLO results are now well in line with the data even up to the ΣN threshold.
Furthermore, one can see that the dependence on the cutoff mass is strongly reduced in the NLO
case. We also note that in some cases the LO and the NLO bands do not overlap. This is partly
due to the fact that the description at LO is not as precise as at NLO (cf. the total χ2 values in
Table 5). Also, the error bands are just given by the cutoff variation and thus can be considered
as lower limits.

A quantitative comparison with the experiments is provided in Table 5. There we list the
obtained overall χ2 but also separate values for each data set that was included in the fitting
procedure. Obviously the best results are achieved in the range Λ = 500–650 MeV. Here, in
addition, the χ2 exhibits also a fairly weak cutoff dependence so that one can really speak of
a plateau region. For larger cutoff values the χ2 increases smoothly while it grows dramatically

Author's personal copy

J. Haidenbauer et al. / Nuclear Physics A 915 (2013) 24–58 43

Fig. 6. The Λp 1S0 and 1P1 phase shifts δ as a function of plab. The red/dark band shows the chiral EFT results to
NLO for variations of the cutoff in the range Λ = 500, . . . ,650 MeV, while the green/light band shows results to LO for
Λ = 550, . . . ,700 MeV. The dashed curve is the result of the Jülich ’04 meson-exchange potential [37].

Fig. 7. The Λp phase shifts for the coupled 3S1–3D1 partial wave as a function of plab. Same description of curves as
in Fig. 6.

state in the ΣN system. It should be said, however, that the majority of the meson-exchange
potentials [36,38,39] produce an unstable bound state, similar to our NLO interaction. The only
characteristic difference of the chiral EFT interactions to the meson-exchange potentials might
be the mixing parameter ϵ1 which is fairly large in the former case and close to 45◦ at the ΣN

threshold, see Fig. 7. It is a manifestation of the fact that the pertinent Λp T -matrices (for the
3S1 → 3S1, 3D1 → 3D1, and 3S1 ↔ 3D1 transitions) are all of the same magnitude.

The strong variation of the 3S1–3D1 amplitudes around the ΣN threshold is reflected in
an impressive increase in the Λp cross section at the corresponding energy, as seen in Fig. 2.
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FIG. 2. ⇤N phase-shifts in the 1S0 and 3S1 partial waves. Full results including the coupling to ⌃N , taken from Ref. [17], are
shown in the left and middle panel, respectively. The red/dark band is the result for the chiral EFT interaction at NLO. The
dashed curve corresponds to the Jülich ’04 meson-exchange interaction [29], the dotted curve to that of the Nijmegen NSC97f
interaction [30]. In the right panel results for the 3S1 phase-shift are displayed (for cuto↵s ⇤=450MeV and 500MeV) where
the coupling to the ⌃N channel is switched o↵.

required to describe the ⇤N scattering data. In fact,
the ⇤N and ⌃N scattering data themselves do not allow
to discriminate between these scenarios. The situation
is quite di↵erent, however, when such interactions are
employed in calculations of hypernuclei [36–38] and/or
hyperon properties in nuclear matter [39]. This is well-
known since many years and has been discussed, e.g., in
the context of light hypernuclei in Refs. [36–38]. Specifi-
cally, in the work by Gibson et al. [36] the e↵ect of ⇤N–
⌃N coupling (also called ⇤–⌃ conversion) has been re-
viewed and it has been argued that the ⇤–⌃ conversion
in the nuclear medium is suppressed as compared to that
in free space. For a discussion in the context of neutron
matter results see Ref. [39].

Accordingly, with regard to our G-matrix calculation
one has to expect that at higher density the ⇤N–⌃N cou-
pling gets increasingly suppressed. As a consequence, the
in-medium properties are to a greater extent determined
by the (diagonal) ⇤N -interaction alone. If this interac-
tion is only weakly attractive or even repulsive as for the
NLO chiral EFT interaction [17], U⇤(0, ⇢) will become
repulsive at higher densities. This is precisely what we
observe for the EFT interactions where the contribution
of the 3S1 partial wave eventually changes the sign.

On the other hand, when the ⇤N–⌃N coupling is fairly
weak (like for the Jülich ’04 interaction) or when simple
e↵ective ⇤N potentials fitted to ⇤N data are used, where
the coupling to the ⌃N -channel is completely ignored,
then one ends up with a rather attractive in-medium
⇤N -potential. Typically, such interactions lead to too
attractive results for U⇤(0, ⇢) in G-matrix calculations,

and also to overbinding when used in few- and many-
body calculations of hypernuclei [18, 40]. This deficiency
can then be only cured by introducting a (phenomenolog-
ical) strongly repulsive ⇤NN three-baryon force [40, 41].
Let us mention that contributions from higher partial

waves, specifically from the P waves, play a more impor-
tant role at higher density. Most of those are repulsive,
for the NLO chiral EFT interactions [19, 20] but also for
the Nijmegen NSC97f potential [30, 32].

Conclusions. The coupling between the ⇤N - and ⌃N -
channels plays a significant role in the hyperon-nucleon
interaction. Its strong influence on the properties of light
hypernuclei has been thoroughly examined and discussed
in the past [18, 36, 38]. The results of a G-matrix cal-
culation reported in the present work reveal that this
coupling has also a crucial impact on in-medium proper-
ties of ⇤-hyperons. This conclusion is based on hyperon-
nucleon inteactions derived recently within chiral EFT
up to NLO on the one hand side, and the Jülich ’04
interaction [29] which stands as representative for con-
ventional one-boson exchange Y N -models, on the other
hand side. The former interaction is characterized by a
weak diagonal ⇤N -interaction and a rather strong ⇤N–
⌃N coupling, whereas in the Jülich ’04 model the ⇤N -
interaction itself is fairly attractive and accordingly the
⇤N–⌃N coupling significantly weaker. While both inter-
actions yield a comparable and satisfactory description of
the available ⇤N and ⌃N scattering data [17, 29], their
predictions for the single-particle potential U⇤(0, ⇢) di↵er
significantly. Specifically, for the chiral EFT interaction
U⇤(0, ⇢) becomes increasingly repulsive for higher den-
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FIG. 2. ⇤N phase-shifts in the 1S0 and 3S1 partial waves. Full results including the coupling to ⌃N , taken from Ref. [17], are
shown in the left and middle panel, respectively. The red/dark band is the result for the chiral EFT interaction at NLO. The
dashed curve corresponds to the Jülich ’04 meson-exchange interaction [29], the dotted curve to that of the Nijmegen NSC97f
interaction [30]. In the right panel results for the 3S1 phase-shift are displayed (for cuto↵s ⇤=450MeV and 500MeV) where
the coupling to the ⌃N channel is switched o↵.

required to describe the ⇤N scattering data. In fact,
the ⇤N and ⌃N scattering data themselves do not allow
to discriminate between these scenarios. The situation
is quite di↵erent, however, when such interactions are
employed in calculations of hypernuclei [36–38] and/or
hyperon properties in nuclear matter [39]. This is well-
known since many years and has been discussed, e.g., in
the context of light hypernuclei in Refs. [36–38]. Specifi-
cally, in the work by Gibson et al. [36] the e↵ect of ⇤N–
⌃N coupling (also called ⇤–⌃ conversion) has been re-
viewed and it has been argued that the ⇤–⌃ conversion
in the nuclear medium is suppressed as compared to that
in free space. For a discussion in the context of neutron
matter results see Ref. [39].

Accordingly, with regard to our G-matrix calculation
one has to expect that at higher density the ⇤N–⌃N cou-
pling gets increasingly suppressed. As a consequence, the
in-medium properties are to a greater extent determined
by the (diagonal) ⇤N -interaction alone. If this interac-
tion is only weakly attractive or even repulsive as for the
NLO chiral EFT interaction [17], U⇤(0, ⇢) will become
repulsive at higher densities. This is precisely what we
observe for the EFT interactions where the contribution
of the 3S1 partial wave eventually changes the sign.

On the other hand, when the ⇤N–⌃N coupling is fairly
weak (like for the Jülich ’04 interaction) or when simple
e↵ective ⇤N potentials fitted to ⇤N data are used, where
the coupling to the ⌃N -channel is completely ignored,
then one ends up with a rather attractive in-medium
⇤N -potential. Typically, such interactions lead to too
attractive results for U⇤(0, ⇢) in G-matrix calculations,

and also to overbinding when used in few- and many-
body calculations of hypernuclei [18, 40]. This deficiency
can then be only cured by introducting a (phenomenolog-
ical) strongly repulsive ⇤NN three-baryon force [40, 41].
Let us mention that contributions from higher partial

waves, specifically from the P waves, play a more impor-
tant role at higher density. Most of those are repulsive,
for the NLO chiral EFT interactions [19, 20] but also for
the Nijmegen NSC97f potential [30, 32].

Conclusions. The coupling between the ⇤N - and ⌃N -
channels plays a significant role in the hyperon-nucleon
interaction. Its strong influence on the properties of light
hypernuclei has been thoroughly examined and discussed
in the past [18, 36, 38]. The results of a G-matrix cal-
culation reported in the present work reveal that this
coupling has also a crucial impact on in-medium proper-
ties of ⇤-hyperons. This conclusion is based on hyperon-
nucleon inteactions derived recently within chiral EFT
up to NLO on the one hand side, and the Jülich ’04
interaction [29] which stands as representative for con-
ventional one-boson exchange Y N -models, on the other
hand side. The former interaction is characterized by a
weak diagonal ⇤N -interaction and a rather strong ⇤N–
⌃N coupling, whereas in the Jülich ’04 model the ⇤N -
interaction itself is fairly attractive and accordingly the
⇤N–⌃N coupling significantly weaker. While both inter-
actions yield a comparable and satisfactory description of
the available ⇤N and ⌃N scattering data [17, 29], their
predictions for the single-particle potential U⇤(0, ⇢) di↵er
significantly. Specifically, for the chiral EFT interaction
U⇤(0, ⇢) becomes increasingly repulsive for higher den-
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Fig. 1. Relevant Feynman diagrams up-to-and-including next-to-leading order. Solid and dashed lines denote octet
baryons and pseudoscalar mesons, respectively. The square symbolizes a contact vertex with two derivatives. From left
to right: LO contact term, one-meson exchange, NLO contact term, planar box, crossed box, left triangle, right triangle,
football diagram.

2. Chiral potential at next-to-leading order

The derivation of chiral baryon–baryon potentials for the strangeness sector at LO using the
Weinberg power counting has been outlined in Refs. [21,44–46]. The NLO contributions for the
NN case are described in detail in Ref. [33], while the extension to baryon–baryon systems with
any combination of octet baryons has been worked out in Ref. [47]. The LO potential consists
of four-baryon contact terms without derivatives and of one-pseudoscalar-meson exchanges. At
NLO contact terms with two derivatives arise, together with loop contributions from (irreducible)
two-pseudoscalar-meson exchanges. The corresponding Feynman diagrams are shown in Fig. 1.

2.1. Contact terms

The spin dependence of the potentials due to leading order contact terms is given by [33]

V
(0)
BB→BB = CS + CT σ 1 · σ 2, (1)

where the parameters CS and CT are low-energy constants (LECs), depending on the considered
baryon–baryon channel, which need to be determined in a fit to data. At next-to-leading order
the spin and momentum dependence of the contact terms reads

V
(2)
BB→BB = C1q2 + C2k2 +

(
C3q2 + C4k2)σ 1 · σ 2 + i

2
C5(σ 1 + σ 2) · (q × k)

+ C6(q · σ 1)(q · σ 2) + C7(k · σ 1)(k · σ 2) + i
2
C8(σ 1 − σ 2) · (q × k), (2)

where Ci (i = 1, . . . ,8) are additional LECs. The transferred and average momenta, q and k,
are defined in terms of the final and initial center-of-mass momenta of the baryons, p′ and p, as
q = p′−p and k = (p′+p)/2. When performing a partial-wave projection, these terms contribute
to the two S-wave (1S0, 3S1) potentials, the four P -wave (1P1, 3P0, 3P1, 3P2) potentials, and
the 3S1–3D1 and 1P1–3P1 transition potentials in the following way [29]:

V
(1S0

)
= 4π(CS − 3CT ) + π(4C1 + C2 − 12C3 − 3C4 − 4C6 − C7)

(
p2 + p′ 2)

= C̃1S0
+ C1S0

(
p2 + p′ 2), (3)

V
(3S1

)
= 4π(CS + CT ) + π

3
(12C1 + 3C2 + 12C3 + 3C4 + 4C6 + C7)

(
p2 + p′ 2)

= C̃3S1
+ C3S1

(
p2 + p′ 2), (4)

V
(1P1

)
= 2π

3
(−4C1 + C2 + 12C3 − 3C4 + 4C6 − C7)pp′ = C1P1

pp′, (5)

V
(3P1

)
= 2π

3
(−4C1 + C2 − 4C3 + C4 + 2C5 − 8C6 + 2C7)pp′ = C3P1

pp′, (6)
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Figure 3: As in Fig. 2, but now the experimental cross sections are taken from Refs. [57] (Σ−p → Λn, Σ−p → Σ0n), [73] (Σ−p → Σ−p), and [74]
(Σ+p→ Σ+p).

well in line with the data even up to the ΣN threshold. Furthermore, one can see that the dependence on the cutoff
mass is strongly reduced in the NLO case.

A quantitative comparison with the experiments is provided in Tab. 5. There we list the obtained overall χ2 but
also separate values for each data set that was included in the fitting procedure. Obviously the best results are achieved
in the range Λ = 500 − 650 MeV. Here, in addition, the χ2 exhibits also a fairly weak cutoff dependence so that one
can really speak of a plateau region. For larger cutoff values the χ2 increases smoothly while it grows dramatically
when going to lower values. Therefore, in Fig. 2 and in the figures below we show only results based on variations of
the cutoff within this plateau region.

A total χ2 value of around 16 is quite good. Indeed, the best values achieved with phenomenological models,
say the Nijmegen NSC97 meson-exchange potentials [37], lie also in that region. We should add that our additional
requirements that we want to produce a correctly bound hypertriton and that we want a repulsive ΣN interaction in
the isospin I = 3/2 channel leads to a slightly increased χ2. Without those constraints we could achieve values which
are around 5 % smaller. In any case, one has to say that one should not overrate the χ2. Given that there are only 36
data points the χ2 per data point amounts to ≈ 0.5 only – which is somewhat low as compared to what one would
expect from a set of statistically sound data. As a matter of fact, the biggest single contribution to the χ2 comes from
the ΣN charge-exchange reaction, see Tab. 5, and specifically from a single data point near threshold that is far off all
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the cutoff within this plateau region.
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say the Nijmegen NSC97 meson-exchange potentials [37], lie also in that region. We should add that our additional
requirements that we want to produce a correctly bound hypertriton and that we want a repulsive ΣN interaction in
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Figure 2: ”Total” cross section σ (as defined in Eq. (24)) as a function of plab. The experimental cross sections are taken from Refs. [52] (filled
circles), [53] (open squares), [65] (open circles), and [66] (filled squares) (Λp → Λp), from [54] (Σ−p → Λn, Σ−p → Σ0n) and from [55]
(Σ−p→ Σ−p, Σ+p→ Σ+p). The red/dark band shows the chiral EFT results to NLO for variations of the cutoff in the range Λ = 500,. . .,650 MeV,
while the green/light band are results to LO for Λ = 550,. . .,700 MeV. The dashed curve is the result of the Jülich ’04 meson-exchange potential
[36].

observe the questionable tendency of the Λp amplitude in the 3S 1 partial wave to become rather large for momenta
above the ΣN threshold. Thus, we decided to determine all contact terms in the S -waves and the S -D transition from
a fit to the YN sector alone where it turns out that SU(3) symmetry for the LECs can be preserved.

The values of the contact terms obtained in the fitting procedure for the various cutoffs are listed in Tables 3 and
4.

4. Results and discussion

The results obtained at NLO are presented in Fig. 2 (red/dark bands), together with those at LO (green/light
bands). The bands represent the variation of the cross sections based on chiral EFT within the cutoff region of
Λ = 500 − 650 MeV. Note that in the LO case variations of Λ = 550 − 700 MeV were considered [20]. For
comparison also results for the Jülich ’04 [36] meson-exchange model are shown (dashed lines),

Obviously, and as expected, the energy dependence exhibited by the data can be significantly better reproduced
within our NLO calculation. This concerns in particular the Σ+p channel. But also for Λp the NLO results are now
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HYPERON - NUCLEON - NUCLEON 
THREE-BODY FORCES  from  CHIRAL SU(3) EFT

2

I. INTRODUCTION

Three-body forces (3BFs) are an indispensable ingredient of any modern calculation of few-nucleon systems. Specif-
ically, for the three- and four-nucleon systems where rigorous computations can be performed based on the Faddeev
or Faddeev-Yakubovsky equations there is clear evidence that agreement with experimental data cannot be achieved
if one resorts to nucleon-nucleon (NN) forces alone. Three-nucleon forces are required to reproduce correctly the
binding energies in the few-nucleon sector but also for scattering observables such as the proton-deuteron differential
cross section at incident proton energies around 100–200 MeV. For a recent review on these topics see, for example,
Ref. [1]. Accordingly, one expects that such three-body forces are also important for heavier nuclei as well as for
the properties of nuclear matter. Indeed, in the latter case standard calculations based on two-body interactions
and utilizing the Bethe-Goldstone equation are unable to describe the saturation point correctly, i.e., to obtain the
empirical energy per nucleon, of E/A = �16 MeV, at the saturation density, ⇢

0

= 0.17 fm�3. Three-nucleon forces
are considered as an essential mechanism that could resolve this problem [2–4].

Likewise, three-body forces are expected also to play an important role in strangeness nuclear physics [5], in
particular the Lambda-nucleon-nucleon (⇤NN) interaction. It has been argued in the context of (exotic) neutron star
matter that strongly repulsive 3BFs are needed in order to explain the recent observation of two-solar-mass neutron
stars, i.e., to resolve the so-called hyperon puzzle [6–10]. For example, a phenomenological ⇤NN three-body
force has been introduced in Ref. [10], with a repulsive coupling strength chosen large enough just so
that the ⇤ is prevented from appearing in dense matter and the equation-of-state remains sufficiently
stiff to support a 2M� neutron star. The situation is less clear when it comes to light hypernuclei such as the
hypertriton 3

⇤

H, or 4

⇤

H and 4

⇤

He, owing to the fact that the two-body interaction in the relevant ⇤N and ⌃N systems
is not well determined from the scarce experimental data presently available.

Utilizing realistic models of the three-baryon force directly in many-body calculations or in the Brueckner-Bethe-
Goldstone approach (e.g., via the Bethe-Faddeev equations [11]) is a very challenging technical task. Therefore, it
has become customary to follow an alternative and simpler approach that consists in employing a density-dependent
two-body interaction derived from the underlying three-body forces. For the nucleonic sector such a density-
dependent in-medium NN interaction, generated at one-loop order by the leading chiral three-nucleon force, has been
constructed in Ref. [12]. It has been shown in subsequent studies [13, 14] and by several other calculations in the
literature [15–20] that his approximate treatment of three-body forces works very well.

In the present work we investigate the effect of the ⇤NN three-body force on the ⇤N interaction in the presence of a
nuclear medium. We start from the leading (irreducible) 3BFs, cf. Fig. 1, which have been derived recently [21] within
SU(3) chiral effective field theory (�EFT), a systematic approach that exploits the symmetries of the underlying
QCD. Among other advantages, this approach ensures that the three-body forces are constructed consistently with
the corresponding two-baryon interactions (e.g. ⇤N , ⌃N) [22, 23]. In our derivation we follow closely the work of
Ref. [12] and extend those calculations to sectors with non-zero strangeness. As a result one obtains a density-
dependent effective baryon-baryon interaction which facilitates the inclusion of effects from 3BFs into many-body
calculations.

The irreducible chiral 3BFs appear formally at next-to-next-to-leading order (NNLO). However, in the nucleonic
sector one has observed that some of the corresponding low-energy constants (LECs) are much larger than expected
from the hierarchy of nuclear forces. This feature has its physical origin in the strong coupling of the ⇡N system to the
low-lying �(1232)-resonance. It is therefore natural to include the �(1232)-isobar as an explicit degree of freedom in
the chiral Lagrangian (cf. Refs. [24–28]). The small mass difference between nucleons and deltas (293 MeV) introduces
a small scale, which can be included consistently in the chiral power counting scheme and the hierarchy of nuclear
forces. The dominant part of the three-nucleon interaction mediated by two-pion exchange and virtual �(1232)
excitation is then promoted to next-to-leading order (NLO). The appearance of the inverse mass splitting explains
the large numerical values of the corresponding LECs [29–32].

In SU(3) �EFT the situation is similar. Specifically, in systems with strangeness S = �1, like ⇤NN , intermediate
baryons such as the spin-3/2 ⌃⇤(1385)-resonance could play an analogous role as the �(1232) in the NNN system.

NNLO:

Figure 1. Leading chiral three-baryon interactions: two-meson exchange, one-meson exchange and contact term.

[8]
[8]

[8] [8]

[8]

Chiral SU(3) Effective Field Theory:  
interacting pseudoscalar meson & baryon octets + contact terms

3-baryon
sector:

Chiral SU(3) Effective Field Theory with explicit decuplet baryons: 

explicit treatment of
baryon decuplet :

promotion to NLO
[10]

3

NLO:

Figure 2. Three-baryon forces arising from virtual decuplet excitation (represented by double lines).

(1) (2a) (2b) (3) (4) (5a) (5b) (6)

Figure 3. Effective two-baryon interaction from genuine three-baryon forces. Contributions arise from two-pion exchange (1),
(2a), (2b), (3), one-pion exchange (4), (5a), (5b) and the contact interaction (6).

Indeed the decuplet-octet mass splittings are on average smaller than the delta-nucleon splitting. Also in SU(3)
�EFT the mass splitting (in the chiral limit) should be counted together with external momenta and meson masses as
O(q) and therefore parts of the NNLO three-baryon interaction are promoted to NLO by the explicit inclusion of the
baryon decuplet, as illustrated in Fig. 2 (see also Refs. [25, 31, 33]). One expects that these NLO contributions give
the dominant part of the 3BFs and thus should provide a reasonable basis for investigating the effects of the ⇤NN
interaction. Of particular interest is the long-range contribution arising from two-pion exchange.

In the present paper we exploit the mechanism of decuplet saturation to estimate the strengths of chiral 3BFs. By
including decuplet baryons not only parts of the two-pion exchange 3BF are promoted to NLO but also contributions
that involve contact vertices. This is illustrated in Fig. 2. In the purely nucleonic case such contributions do not
arise because a leading-order �NNN four-baryon contact vertex is forbidden by the Pauli principle. The decuplet
induced 3BF of short range still involve two unknown parameters and, therefore, a reliable quantitative estimate of
3BF effects in the strangeness S = �1 sector is difficult to make at present. Contrary to the practice in the nucleonic
sector, a direct determination of the LECs from experimental information on few-baryon systems with strangeness
S = �1 is not (yet) feasible because of the limited amount and accuracy of the data.

This paper is organized as follows. In Sec. II we present the general expressions for the effective two-baryon
potential derived from the irreducible chiral three-baryon forces for all strangeness sectors. As an example we give
the explicit results for the ⇤N interaction in symmetric and asymmetric nuclear matter. In Sec. III we introduce the
pertinent chiral Lagrangians including decuplet baryons and estimate the LECs of the 3BFs via decuplet saturation.
Finally, in Sec. IV, we present numerical results for the in-medium ⇤N interaction within this approximation. In the
appendices we collect for comparison the explicit expressions for the antisymmetrized NN in-medium interaction in
isospin-symmetric nuclear matter. Furthermore, details related to the construction of the decuplet Lagrangian are
presented.

In this work we consider only those medium corrections which arise from irreducible three-baryon forces. Further
density-dependent contributions originating from reducible three-baryon processes are also known to be impor-
tant. A prominent example is the reducible ⇤NN interaction involving two-pion exchange and a ⌃ hyperon in the
intermediate state. In proper few-body calculations incorporating both ⇤ and ⌃ hyperons as explicit degrees
of freedom, such reducible contributions are generated by coupled-channel Faddeev and Yakubovsky equations from
iterated ⇤N $ ⌃N interactions. An investigation of these reducible contributions in the many-body sector goes
beyond the scope of the present paper.

II. IN-MEDIUM BARYON-BARYON INTERACTION

In this section we derive the effect of a three-body force on the baryon-baryon interaction in the presence of a
(hyper)nuclear medium. We follow closely the work of Ref. [12], where density-dependent corrections to the NN
interaction have been calculated from leading-order chiral three-nucleon forces. In order to obtain an effective baryon-
baryon interaction from the irreducible 3BFs in Fig. 1, one closes two baryon lines which represents diagrammatically
the sum over occupied states within the Fermi sea. Such a “medium insertion” is symbolized by short double lines on

[10]

[8] [8] [8]

[10]

[10]
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SU(3) symmetry and contact terms
• poor database for YN interaction
• use SU(3) symmetric contact terms for reduction of LECs

( SU(3) breaking e�ects from mu,d ”= ms derived in [Petschauer, Kaiser, NPA916, 2013] )

• LO+NLO contact terms of NN interaction [Epelbaum, 2000]
generalized by SU(3) flavor symmetry
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[Polinder, Haidenbauer, Meißner, NPA779, 2006] [Petschauer, Kaiser, NPA916, 2013]

• C8s 8a can be fixed from considering ⇤-nuclear spin-orbit force in medium
[Haidenbauer, Meißner, NPA936, 2015]
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in YNN three-body forces

Estimates of  YNN 3-body interactions assuming 
dominant decuplet (⌃⇤, �) intermediate states

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons

LO —

NLO

N2LO + · · ·

6

-

S
0

≠1

≠2

≠3
I3≠ 3

2 ≠1 ≠ 1
2 0 1

2 1 3
2

T
T
T
T
TT









q
q

q
q

q qq
q

q q�≠ �0 �+ �++

⌅ú≠ ⌅ú0

⌃ú+⌃ú≠ ⌃ú0

⌦≠

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 5/18

[10]

[10]

[10]
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[10]

… much reduced set of parameters -
     Basic vertices :

Three-baryon forces

• construction of chiral Lagrangian in non-relativistic limit
with minimal number of terms for full SU(3) sector
[Petschauer, Kaiser, Haidenbauer, Meißner, Weise, PRC93 (2016)]

• necessary vertices:
18 low-energy constants

(SU(3) symmetric)

14 low-energy constants
[Petschauer, Kaiser, NPA916 (2013)]

10 low-energy constants
[Krause, Helv.Phys.Acta 63 (1990)]

¥

¥ +

¥ +

• vertices with decuplet baryons:

one constant (C = 3
4 gA ¥ 1 from � æ Nfi)

two constants (Pauli-forbidden in nucleonic sector)
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Possible decuplet contributions with strangeness S = 0, ≠1

transition type B

ú

NNN æ NNN fifi �

⇤NN æ ⇤NN fifi ⌃ú

⇤NN æ ⇤NN fiK ⌃ú

⇤NN æ ⇤NN KK ⌃ú

⇤NN æ ⇤NN fi ⌃ú

⇤NN æ ⇤NN K ⌃ú

⇤NN æ ⇤NN ct ⌃ú

⇤NN ¡ ⌃NN fifi �,⌃ú

⇤NN ¡ ⌃NN fiK �,⌃ú

⇤NN ¡ ⌃NN fi÷ ⌃ú

⇤NN ¡ ⌃NN KK ⌃ú

⇤NN ¡ ⌃NN K÷ ⌃ú

⇤NN ¡ ⌃NN fi �,⌃ú

⇤NN ¡ ⌃NN K ⌃ú

⇤NN ¡ ⌃NN ÷ ⌃ú

⇤NN ¡ ⌃NN ct ⌃ú

transition type B

ú

⌃NN æ ⌃NN fifi �,⌃ú

⌃NN æ ⌃NN fiK �,⌃ú

⌃NN æ ⌃NN fi÷ ⌃ú

⌃NN æ ⌃NN KK ⌃ú

⌃NN æ ⌃NN K÷ ⌃ú

⌃NN æ ⌃NN ÷÷ ⌃ú

⌃NN æ ⌃NN fi �,⌃ú

⌃NN æ ⌃NN K ⌃ú

⌃NN æ ⌃NN ÷ ⌃ú

⌃NN æ ⌃NN ct ⌃ú
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transition type B⇤

NNN ! NNN ⇡⇡ �

⇤NN ! ⇤NN ⇡⇡ ⌃⇤

⇤NN ! ⇤NN ⇡K ⌃⇤

⇤NN ! ⇤NN KK ⌃⇤

⇤NN ! ⇤NN ⇡ ⌃⇤

⇤NN ! ⇤NN K ⌃⇤

⇤NN ! ⇤NN ct ⌃⇤

⇤NN $ ⌃NN ⇡⇡ �,⌃⇤

⇤NN $ ⌃NN ⇡K �,⌃⇤

⇤NN $ ⌃NN ⇡⌘ ⌃⇤

⇤NN $ ⌃NN KK ⌃⇤

⇤NN $ ⌃NN K⌘ ⌃⇤

⇤NN $ ⌃NN ⇡ �,⌃⇤

⇤NN $ ⌃NN K ⌃⇤

⇤NN $ ⌃NN ⌘ ⌃⇤

⇤NN $ ⌃NN ct ⌃⇤

transition type B⇤

⌃NN ! ⌃NN ⇡⇡ �,⌃⇤

⌃NN ! ⌃NN ⇡K �,⌃⇤

⌃NN ! ⌃NN ⇡⌘ ⌃⇤

⌃NN ! ⌃NN KK ⌃⇤

⌃NN ! ⌃NN K⌘ ⌃⇤

⌃NN ! ⌃NN ⌘⌘ ⌃⇤

⌃NN ! ⌃NN ⇡ �,⌃⇤

⌃NN ! ⌃NN K ⌃⇤

⌃NN ! ⌃NN ⌘ ⌃⇤

⌃NN ! ⌃NN ct ⌃⇤

Table IV. Enhanced three-body interactions through decuplet saturation for strangeness 0 and �1 systems, with classes of
diagrams as specified: two-meson exchange, one-meson exchange and contact interaction (ct).

by the ⌃⇤(1385) resonance alone. However, for some transitions involving pions also the �(1232) isobar contributes.
Resonances with higher strangeness can not be reached. Note that in contrast to the NNN interaction, for S = �1
the one-meson exchange and the contact 3BF also receive contributions from the excitation of decuplet baryons.

C. Lambda-nucleon-nucleon in decuplet approximation

Using the LECs derived from decuplet saturation, this fixes the constants of the ⇤NN (contact, one-pion and
two-pion exchange) three-body interaction introduced in Ref. [22]. These particular linear combinations of coefficients
read

C 0
1

= C 0
3

=
H 02

72�
, C 0

2

= 0 ,

D0
1

= 0 , D0
2

=
2CH 0

9�
,

3b
0

+ b
D

= 0 , 2b
2

+ 3b
4

= � C2

�
, (45)

and they depend only on the combination H 0 = H
1

+ 3H
2

of the B⇤BBB contact couplings. Notably, the constants
C 0

i

of the ⇤NN contact interaction are positive independently of the values H
1

and H
2

.
With the above values estimated via decuplet saturation, the three components of the density-dependent ⇤n po-

tential in a nuclear medium with densities ⇢
p

and ⇢
n

take the following simple forms

V med,⇡⇡

⇤n

=
C2g2

A

12⇡2f4

0

�

(
1

4

⇥8
3
(kn

f

3 + 2kp
f

3

)� 4(q2 + 2m2)�̃
0

(p)� 2q2�̃
1

(p) + (q2 + 2m2)2G̃
0

(p, q)
⇤

+
i

2
(~q ⇥ ~p ) · ~�

2

�
2�̃

0

(p) + 2�̃
1

(p)� (q2 + 2m2)(G̃
0

(p, q) + 2G̃
1

(p, q))
�
)
, (46)

V med,⇡

⇤n

=
g
A

CH 0

54⇡2f2

0

�

�
2(kn

f

3 + 2kp
f

3

)� 3m2�̃
0

(p)
�
, (47)

V med,ct

⇤n

=
H 02

18�
(⇢

n

+ 2⇢
p

) , (48)

4

a baryon propagator. All types of diagrams arising this way are shown in Fig. 3.
We restrict ourselves to the contact term and to the contributions from one- and two-pion exchange processes which

are expected to be dominant. Hence, the calculation is done for equal meson masses. In principle, within SU(3) �EFT
further contributions arise that involve the exchange of at least one heavier meson (kaon or eta meson). At moderate
densities these contributions of much shorter range can effectively be absorbed into a contact term representing the
short-range part of the three-baryon force. When evaluating diagrams the medium insertion provides the factor
�2⇡�(k

0

)✓(k
f

� |~k|). An additional minus sign comes from a closed fermion loop. Equivalently, the effective two-body
interaction can be constructed from the expressions for the three-baryon potentials in Ref. [22] via the relation

V
12

=
X

B

tr
�3

Z

|~k|k

B

f

d3k

(2⇡)3
V
123

, (1)

where tr
�3 denotes the spin trace over the third particle and the sum goes over all baryon species B in the Fermi sea

(with Fermi momentum kB
f

). In the following, we derive the general expressions of the effective potentials for a single
baryon species B. The full potential is given by a sum over all species. The density of the baryon species B is given
by

⇢
B

= 2

Z

|~k|k

B

f

d3k

(2⇡)3
=

(kB
f

)
3

3⇡2

, (2)

and the full density is obtained by summing over all species in the (hyper)nuclear medium, ⇢ =
P

B

⇢
B

.
As done in Ref. [13], we consider the scattering of two baryons within the medium in the center-of-mass frame

B
1

(~p ) +B
2

(�~p ) ! B
3

(~p 0) +B
4

(�~p 0) , (3)

for on-shell kinematics: p2 = p02. For direct diagrams the relevant momentum transfer is ~q = ~p 0�~p, for the exchange-
type diagrams the relevant momentum transfer is ~k = ~p 0 + ~p.

In the course of the calculation one encounters integrals of one pion propagator or the product of two pion propa-
gators over a Fermi sphere. The loop functions �

i

involving a single pion propagator are defined by

Z

|~l|k

B

f

d3l

2⇡

1

m2

⇡

+ (~l + ~p )2

0

@
1
~l

~l ⌦~l

1

A =

0

@
�
0

(p, kB
f

)

~p �
1

(p, kB
f

)

�
2

(p, kB
f

) + ~p⌦ ~p�
3

(p, kB
f

)

1

A . (4)

The loop functions G
i

involving two different pion propagators are given by

Z

|~l|k

B

f

d3l

2⇡

1

[m2

⇡

+ (~l + ~p )2][m2

⇡

+ (~l + ~p 0)2]

0

BBBBBBBB@

1
~l

~l ⌦~l

l2

l2~l
l4

1

CCCCCCCCA

=

0

BBBBBBBB@

G
0

(p, q, kB
f

)

(~p 0 + ~p )G
1

(p, q, kB
f

)

G
2

(p, q, kB
f

) + (~p 0 + ~p )⌦ (~p 0 + ~p )G
3

(p, q, kB
f

)

+(~p 0 � ~p )⌦ (~p 0 � ~p )G
4

(p, q, kB
f

)

G⇤(p, q, k
B

f

)

(~p 0 + ~p )G
1⇤(p, q, k

B

f

)

G⇤⇤(p, q, k
B

f

)

1

CCCCCCCCA

. (5)

The explicit formulas for the loop functions can be found in Section III.A. of Ref. [13]. Note that in some cases the
expression on the left-hand side of Eq. (5) (with two pion propagators) appears with the substitution ~p 0 ! �~p 0.
Consequently, this substitution has also to be done on the right-hand side and the arguments of G

i

are changed to
G

i

(p, k, kB
f

).

A. Contributions from two-pion exchange

Let us start with the two-pion exchange contribution to the in-medium baryon-baryon interaction. The corre-
sponding three-baryon potential for a prototype two-meson exchange diagram is given in Eq. (34) in Ref. [22] and it
reads

V = � 1

4f4

0

~�
A

· ~q
li

~�
C

· ~q
nk

(~q 2

li

+m2

�1
)(~q 2

nk

+m2

�2
)

⇣
N1

lmn

ijk

+N2

lmn

ijk

~q
li

· ~q
nk

+N3

lmn

ijk

i (~q
li

⇥ ~q
nk

) · ~�
B

⌘
, (6)

Three-baryon forces

• construction of chiral Lagrangian in non-relativistic limit
with minimal number of terms for full SU(3) sector
[Petschauer, Kaiser, Haidenbauer, Meißner, Weise, PRC93 (2016)]

• necessary vertices:
18 low-energy constants

(SU(3) symmetric)

14 low-energy constants
[Petschauer, Kaiser, NPA916 (2013)]

10 low-energy constants
[Krause, Helv.Phys.Acta 63 (1990)]
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¥ +
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Two constants 

Pauli-forbidden 
in NN sector

[8]

[10]

[10]

[8]

[8]

[8]
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a baryon propagator. All types of diagrams arising this way are shown in Fig. 3.
We restrict ourselves to the contact term and to the contributions from one- and two-pion exchange processes which

are expected to be dominant. Hence, the calculation is done for equal meson masses. In principle, within SU(3) �EFT
further contributions arise that involve the exchange of at least one heavier meson (kaon or eta meson). At moderate
densities these contributions of much shorter range can effectively be absorbed into a contact term representing the
short-range part of the three-baryon force. When evaluating diagrams the medium insertion provides the factor
�2⇡�(k

0

)✓(k
f

� |~k|). An additional minus sign comes from a closed fermion loop. Equivalently, the effective two-body
interaction can be constructed from the expressions for the three-baryon potentials in Ref. [22] via the relation
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where tr
�3 denotes the spin trace over the third particle and the sum goes over all baryon species B in the Fermi sea

(with Fermi momentum kB
f

). In the following, we derive the general expressions of the effective potentials for a single
baryon species B. The full potential is given by a sum over all species. The density of the baryon species B is given
by
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and the full density is obtained by summing over all species in the (hyper)nuclear medium, ⇢ =
P

B

⇢
B

.
As done in Ref. [13], we consider the scattering of two baryons within the medium in the center-of-mass frame

B
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for on-shell kinematics: p2 = p02. For direct diagrams the relevant momentum transfer is ~q = ~p 0�~p, for the exchange-
type diagrams the relevant momentum transfer is ~k = ~p 0 + ~p.

In the course of the calculation one encounters integrals of one pion propagator or the product of two pion propa-
gators over a Fermi sphere. The loop functions �

i

involving a single pion propagator are defined by
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The loop functions G
i

involving two different pion propagators are given by
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The explicit formulas for the loop functions can be found in Section III.A. of Ref. [13]. Note that in some cases the
expression on the left-hand side of Eq. (5) (with two pion propagators) appears with the substitution ~p 0 ! �~p 0.
Consequently, this substitution has also to be done on the right-hand side and the arguments of G

i

are changed to
G

i

(p, k, kB
f

).

A. Contributions from two-pion exchange

Let us start with the two-pion exchange contribution to the in-medium baryon-baryon interaction. The corre-
sponding three-baryon potential for a prototype two-meson exchange diagram is given in Eq. (34) in Ref. [22] and it
reads
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⇤N N

⇤N N

⌃⇤

-neutron density-dependent effective interaction

V e↵ ,⇡⇡
⇤n =

C2g2A
2f4 �

[⇢n + 2⇢p] + F(kpF , k
n
F ; p, q)

V e↵ ,⇡
⇤n =

CH gA
9f2 �

[⇢n + 2⇢p] + G(kpF , k
n
F ; p, q)

V e↵ ,ct
⇤n =

H2

18�
[⇢n + 2⇢p]

Decuplet-octet mass difference � = M[10] �M[8] = 270MeV

repulsive

repulsive

+/-

Coupling parameters : C =
3

4
gA ' 1 � 1

f2
. H . +

1

f2

(dim. arguments
natural size)

PHYSIK
DEPARTMENT
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Example: NY

N

in a nuclear medium (protons + neutrons)

eff

(H = H1 + 3H2)
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Density dependence of     single particle potentialΛ

Brueckner calculations 
using 
chiral SU(3) interactions

Auxiliary potential U

• choose single particle potential U in a way, that
diagrams with crosses cancel diagrams from interaction

• good choice for k Æ kF :

U(km) = Re
ÿ

nÆA
Èmn|G(Ê = Em + En)|mnÍA = +

•
on-shell

∆ ∆

on-shell

E =
ÿ

nÆA
Èn|T |nÍ+ 1

2
ÿ

nÆA
Èn|U|nÍ
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… towards a possible solution of the “hyperon puzzle” ?
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Coupled-channels G-matrix including explicit ⇤NN $ ⌃NN
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Chiral NN (N3LO) + YN (NLO) interactions  +  NNN & YNN 3-body forces
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<latexit sha1_base64="eLQMPeJ7CMwBSnd1DFBrqTqcQtw=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfTgoeDFYwX7AW0om+2mXbrZxN2JUEL/hBcPinj173jz37hNc9DWFxYe3plhZ94gkcKg6347pbX1jc2t8nZlZ3dv/6B6eNQ2caoZb7FYxrobUMOlULyFAiXvJprTKJC8E0xu5/XOE9dGxOoBpwn3IzpSIhSMorW6WT8IiefOBtWaW3dzkVXwCqhBoeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPYuKRtz4Wb7vjJxZZ0jCWNunkOTu74mMRsZMo8B2RhTHZrk2N/+r9VIMr/1MqCRFrtjiozCVBGMyP54MheYM5dQCZVrYXQkbU00Z2ogqNgRv+eRVaF/UPcv3l7XGTRFHGU7gFM7BgytowB00oQUMJDzDK7w5j86L8+58LFpLTjFzDH/kfP4AMSuPYQ==</latexit><latexit sha1_base64="eLQMPeJ7CMwBSnd1DFBrqTqcQtw=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfTgoeDFYwX7AW0om+2mXbrZxN2JUEL/hBcPinj173jz37hNc9DWFxYe3plhZ94gkcKg6347pbX1jc2t8nZlZ3dv/6B6eNQ2caoZb7FYxrobUMOlULyFAiXvJprTKJC8E0xu5/XOE9dGxOoBpwn3IzpSIhSMorW6WT8IiefOBtWaW3dzkVXwCqhBoeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPYuKRtz4Wb7vjJxZZ0jCWNunkOTu74mMRsZMo8B2RhTHZrk2N/+r9VIMr/1MqCRFrtjiozCVBGMyP54MheYM5dQCZVrYXQkbU00Z2ogqNgRv+eRVaF/UPcv3l7XGTRFHGU7gFM7BgytowB00oQUMJDzDK7w5j86L8+58LFpLTjFzDH/kfP4AMSuPYQ==</latexit><latexit sha1_base64="eLQMPeJ7CMwBSnd1DFBrqTqcQtw=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfTgoeDFYwX7AW0om+2mXbrZxN2JUEL/hBcPinj173jz37hNc9DWFxYe3plhZ94gkcKg6347pbX1jc2t8nZlZ3dv/6B6eNQ2caoZb7FYxrobUMOlULyFAiXvJprTKJC8E0xu5/XOE9dGxOoBpwn3IzpSIhSMorW6WT8IiefOBtWaW3dzkVXwCqhBoeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPYuKRtz4Wb7vjJxZZ0jCWNunkOTu74mMRsZMo8B2RhTHZrk2N/+r9VIMr/1MqCRFrtjiozCVBGMyP54MheYM5dQCZVrYXQkbU00Z2ogqNgRv+eRVaF/UPcv3l7XGTRFHGU7gFM7BgytowB00oQUMJDzDK7w5j86L8+58LFpLTjFzDH/kfP4AMSuPYQ==</latexit><latexit sha1_base64="eLQMPeJ7CMwBSnd1DFBrqTqcQtw=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfTgoeDFYwX7AW0om+2mXbrZxN2JUEL/hBcPinj173jz37hNc9DWFxYe3plhZ94gkcKg6347pbX1jc2t8nZlZ3dv/6B6eNQ2caoZb7FYxrobUMOlULyFAiXvJprTKJC8E0xu5/XOE9dGxOoBpwn3IzpSIhSMorW6WT8IiefOBtWaW3dzkVXwCqhBoeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPYuKRtz4Wb7vjJxZZ0jCWNunkOTu74mMRsZMo8B2RhTHZrk2N/+r9VIMr/1MqCRFrtjiozCVBGMyP54MheYM5dQCZVrYXQkbU00Z2ogqNgRv+eRVaF/UPcv3l7XGTRFHGU7gFM7BgytowB00oQUMJDzDK7w5j86L8+58LFpLTjFzDH/kfP4AMSuPYQ==</latexit>

0
<latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit>

�10
<latexit sha1_base64="aCrfXbrfPEfKQCCbazvCDgFrTjw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8GLZFUEPHgpePFawtdKWkk2zbWiSXZJZoSz9FV48KOLVn+PNf2Pa7kFbXwg8vDNDZt4wkcKi7397hZXVtfWN4mZpa3tnd6+8f9C0cWoYb7BYxqYVUsul0LyBAiVvJYZTFUr+EI5upvWHJ26siPU9jhPeVXSgRSQYRWc9Zp0wImeBP+mVK37Vn4ksQ5BDBXLVe+WvTj9mqeIamaTWtgM/wW5GDQom+aTUSS1PKBvRAW871FRx281mC0/IiXP6JIqNexrJzP09kVFl7ViFrlNRHNrF2tT8r9ZOMbrqZkInKXLN5h9FqSQYk+n1pC8MZyjHDigzwu1K2JAaytBlVHIhBIsnL0PzvBo4vruo1K7zOIpwBMdwCgFcQg1uoQ4NYKDgGV7hzTPei/fufcxbC14+cwh/5H3+AJyXj5g=</latexit><latexit sha1_base64="aCrfXbrfPEfKQCCbazvCDgFrTjw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8GLZFUEPHgpePFawtdKWkk2zbWiSXZJZoSz9FV48KOLVn+PNf2Pa7kFbXwg8vDNDZt4wkcKi7397hZXVtfWN4mZpa3tnd6+8f9C0cWoYb7BYxqYVUsul0LyBAiVvJYZTFUr+EI5upvWHJ26siPU9jhPeVXSgRSQYRWc9Zp0wImeBP+mVK37Vn4ksQ5BDBXLVe+WvTj9mqeIamaTWtgM/wW5GDQom+aTUSS1PKBvRAW871FRx281mC0/IiXP6JIqNexrJzP09kVFl7ViFrlNRHNrF2tT8r9ZOMbrqZkInKXLN5h9FqSQYk+n1pC8MZyjHDigzwu1K2JAaytBlVHIhBIsnL0PzvBo4vruo1K7zOIpwBMdwCgFcQg1uoQ4NYKDgGV7hzTPei/fufcxbC14+cwh/5H3+AJyXj5g=</latexit><latexit sha1_base64="aCrfXbrfPEfKQCCbazvCDgFrTjw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8GLZFUEPHgpePFawtdKWkk2zbWiSXZJZoSz9FV48KOLVn+PNf2Pa7kFbXwg8vDNDZt4wkcKi7397hZXVtfWN4mZpa3tnd6+8f9C0cWoYb7BYxqYVUsul0LyBAiVvJYZTFUr+EI5upvWHJ26siPU9jhPeVXSgRSQYRWc9Zp0wImeBP+mVK37Vn4ksQ5BDBXLVe+WvTj9mqeIamaTWtgM/wW5GDQom+aTUSS1PKBvRAW871FRx281mC0/IiXP6JIqNexrJzP09kVFl7ViFrlNRHNrF2tT8r9ZOMbrqZkInKXLN5h9FqSQYk+n1pC8MZyjHDigzwu1K2JAaytBlVHIhBIsnL0PzvBo4vruo1K7zOIpwBMdwCgFcQg1uoQ4NYKDgGV7hzTPei/fufcxbC14+cwh/5H3+AJyXj5g=</latexit><latexit sha1_base64="aCrfXbrfPEfKQCCbazvCDgFrTjw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8GLZFUEPHgpePFawtdKWkk2zbWiSXZJZoSz9FV48KOLVn+PNf2Pa7kFbXwg8vDNDZt4wkcKi7397hZXVtfWN4mZpa3tnd6+8f9C0cWoYb7BYxqYVUsul0LyBAiVvJYZTFUr+EI5upvWHJ26siPU9jhPeVXSgRSQYRWc9Zp0wImeBP+mVK37Vn4ksQ5BDBXLVe+WvTj9mqeIamaTWtgM/wW5GDQom+aTUSS1PKBvRAW871FRx281mC0/IiXP6JIqNexrJzP09kVFl7ViFrlNRHNrF2tT8r9ZOMbrqZkInKXLN5h9FqSQYk+n1pC8MZyjHDigzwu1K2JAaytBlVHIhBIsnL0PzvBo4vruo1K7zOIpwBMdwCgFcQg1uoQ4NYKDgGV7hzTPei/fufcxbC14+cwh/5H3+AJyXj5g=</latexit>

�20
<latexit sha1_base64="fQeIhGsuU66GxehY0VOQ9YHt68A=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2AR3FhmiqALFwU3LivYi7RDyaSZNjTJDElGKEOfwo0LRdz6OO58G9N2Ftr6Q+DjP+eQc/4wEdxYz/tGhbX1jc2t4nZpZ3dv/6B8eNQycaopa9JYxLoTEsMEV6xpuRWsk2hGZChYOxzfzurtJ6YNj9WDnSQskGSoeMQpsc56zHphhC9q3rRfrnhVby68Cn4OFcjV6Je/eoOYppIpSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuQ0UkM0E2X3iKz5wzwFGs3VMWz93fExmRxkxk6DolsSOzXJuZ/9W6qY2ug4yrJLVM0cVHUSqwjfHsejzgmlErJg4I1dztiumIaEKty6jkQvCXT16FVq3qO76/rNRv8jiKcAKncA4+XEEd7qABTaAg4Rle4Q1p9ILe0ceitYDymWP4I/T5A54dj5k=</latexit><latexit sha1_base64="fQeIhGsuU66GxehY0VOQ9YHt68A=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2AR3FhmiqALFwU3LivYi7RDyaSZNjTJDElGKEOfwo0LRdz6OO58G9N2Ftr6Q+DjP+eQc/4wEdxYz/tGhbX1jc2t4nZpZ3dv/6B8eNQycaopa9JYxLoTEsMEV6xpuRWsk2hGZChYOxzfzurtJ6YNj9WDnSQskGSoeMQpsc56zHphhC9q3rRfrnhVby68Cn4OFcjV6Je/eoOYppIpSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuQ0UkM0E2X3iKz5wzwFGs3VMWz93fExmRxkxk6DolsSOzXJuZ/9W6qY2ug4yrJLVM0cVHUSqwjfHsejzgmlErJg4I1dztiumIaEKty6jkQvCXT16FVq3qO76/rNRv8jiKcAKncA4+XEEd7qABTaAg4Rle4Q1p9ILe0ceitYDymWP4I/T5A54dj5k=</latexit><latexit sha1_base64="fQeIhGsuU66GxehY0VOQ9YHt68A=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2AR3FhmiqALFwU3LivYi7RDyaSZNjTJDElGKEOfwo0LRdz6OO58G9N2Ftr6Q+DjP+eQc/4wEdxYz/tGhbX1jc2t4nZpZ3dv/6B8eNQycaopa9JYxLoTEsMEV6xpuRWsk2hGZChYOxzfzurtJ6YNj9WDnSQskGSoeMQpsc56zHphhC9q3rRfrnhVby68Cn4OFcjV6Je/eoOYppIpSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuQ0UkM0E2X3iKz5wzwFGs3VMWz93fExmRxkxk6DolsSOzXJuZ/9W6qY2ug4yrJLVM0cVHUSqwjfHsejzgmlErJg4I1dztiumIaEKty6jkQvCXT16FVq3qO76/rNRv8jiKcAKncA4+XEEd7qABTaAg4Rle4Q1p9ILe0ceitYDymWP4I/T5A54dj5k=</latexit><latexit sha1_base64="fQeIhGsuU66GxehY0VOQ9YHt68A=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2AR3FhmiqALFwU3LivYi7RDyaSZNjTJDElGKEOfwo0LRdz6OO58G9N2Ftr6Q+DjP+eQc/4wEdxYz/tGhbX1jc2t4nZpZ3dv/6B8eNQycaopa9JYxLoTEsMEV6xpuRWsk2hGZChYOxzfzurtJ6YNj9WDnSQskGSoeMQpsc56zHphhC9q3rRfrnhVby68Cn4OFcjV6Je/eoOYppIpSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuQ0UkM0E2X3iKz5wzwFGs3VMWz93fExmRxkxk6DolsSOzXJuZ/9W6qY2ug4yrJLVM0cVHUSqwjfHsejzgmlErJg4I1dztiumIaEKty6jkQvCXT16FVq3qO76/rNRv8jiKcAKncA4+XEEd7qABTaAg4Rle4Q1p9ILe0ceitYDymWP4I/T5A54dj5k=</latexit>

�30
<latexit sha1_base64="r2UK2NHJFjSoyseTqPc8IKV90ek=">AAAB8HicbZC7SgNBFIbPxluMt6ilzWAQbAy7KmhhEbCxjGAukixhdjKbDJnLMjMrhCVPYWOhiK2PY+fbOEm20MQfBj7+cw5zzh8lnBnr+99eYWV1bX2juFna2t7Z3SvvHzSNSjWhDaK40u0IG8qZpA3LLKftRFMsIk5b0eh2Wm89UW2Ykg92nNBQ4IFkMSPYOusx60YxOrvwJ71yxa/6M6FlCHKoQK56r/zV7SuSCiot4diYTuAnNsywtoxwOil1U0MTTEZ4QDsOJRbUhNls4Qk6cU4fxUq7Jy2aub8nMiyMGYvIdQpsh2axNjX/q3VSG1+HGZNJaqkk84/ilCOr0PR61GeaEsvHDjDRzO2KyBBrTKzLqORCCBZPXobmeTVwfH9Zqd3kcRThCI7hFAK4ghrcQR0aQEDAM7zCm6e9F+/d+5i3Frx85hD+yPv8AZ+jj5o=</latexit><latexit sha1_base64="r2UK2NHJFjSoyseTqPc8IKV90ek=">AAAB8HicbZC7SgNBFIbPxluMt6ilzWAQbAy7KmhhEbCxjGAukixhdjKbDJnLMjMrhCVPYWOhiK2PY+fbOEm20MQfBj7+cw5zzh8lnBnr+99eYWV1bX2juFna2t7Z3SvvHzSNSjWhDaK40u0IG8qZpA3LLKftRFMsIk5b0eh2Wm89UW2Ykg92nNBQ4IFkMSPYOusx60YxOrvwJ71yxa/6M6FlCHKoQK56r/zV7SuSCiot4diYTuAnNsywtoxwOil1U0MTTEZ4QDsOJRbUhNls4Qk6cU4fxUq7Jy2aub8nMiyMGYvIdQpsh2axNjX/q3VSG1+HGZNJaqkk84/ilCOr0PR61GeaEsvHDjDRzO2KyBBrTKzLqORCCBZPXobmeTVwfH9Zqd3kcRThCI7hFAK4ghrcQR0aQEDAM7zCm6e9F+/d+5i3Frx85hD+yPv8AZ+jj5o=</latexit><latexit sha1_base64="r2UK2NHJFjSoyseTqPc8IKV90ek=">AAAB8HicbZC7SgNBFIbPxluMt6ilzWAQbAy7KmhhEbCxjGAukixhdjKbDJnLMjMrhCVPYWOhiK2PY+fbOEm20MQfBj7+cw5zzh8lnBnr+99eYWV1bX2juFna2t7Z3SvvHzSNSjWhDaK40u0IG8qZpA3LLKftRFMsIk5b0eh2Wm89UW2Ykg92nNBQ4IFkMSPYOusx60YxOrvwJ71yxa/6M6FlCHKoQK56r/zV7SuSCiot4diYTuAnNsywtoxwOil1U0MTTEZ4QDsOJRbUhNls4Qk6cU4fxUq7Jy2aub8nMiyMGYvIdQpsh2axNjX/q3VSG1+HGZNJaqkk84/ilCOr0PR61GeaEsvHDjDRzO2KyBBrTKzLqORCCBZPXobmeTVwfH9Zqd3kcRThCI7hFAK4ghrcQR0aQEDAM7zCm6e9F+/d+5i3Frx85hD+yPv8AZ+jj5o=</latexit><latexit sha1_base64="r2UK2NHJFjSoyseTqPc8IKV90ek=">AAAB8HicbZC7SgNBFIbPxluMt6ilzWAQbAy7KmhhEbCxjGAukixhdjKbDJnLMjMrhCVPYWOhiK2PY+fbOEm20MQfBj7+cw5zzh8lnBnr+99eYWV1bX2juFna2t7Z3SvvHzSNSjWhDaK40u0IG8qZpA3LLKftRFMsIk5b0eh2Wm89UW2Ykg92nNBQ4IFkMSPYOusx60YxOrvwJ71yxa/6M6FlCHKoQK56r/zV7SuSCiot4diYTuAnNsywtoxwOil1U0MTTEZ4QDsOJRbUhNls4Qk6cU4fxUq7Jy2aub8nMiyMGYvIdQpsh2axNjX/q3VSG1+HGZNJaqkk84/ilCOr0PR61GeaEsvHDjDRzO2KyBBrTKzLqORCCBZPXobmeTVwfH9Zqd3kcRThCI7hFAK4ghrcQR0aQEDAM7zCm6e9F+/d+5i3Frx85hD+yPv8AZ+jj5o=</latexit>

�40
<latexit sha1_base64="hcBbunjbJd9lSxmv8FUIMgVssJY=">AAAB8HicbZC7SgNBFIbPxluMt6ilzWAQbAy7EtDCImBjGcFcJFnC7GQ2GTKXZWZWCEuewsZCEVsfx863cZJsoYk/DHz85xzmnD9KODPW97+9wtr6xuZWcbu0s7u3f1A+PGoZlWpCm0RxpTsRNpQzSZuWWU47iaZYRJy2o/HtrN5+otowJR/sJKGhwEPJYkawddZj1otidFHzp/1yxa/6c6FVCHKoQK5Gv/zVGyiSCiot4diYbuAnNsywtoxwOi31UkMTTMZ4SLsOJRbUhNl84Sk6c84AxUq7Jy2au78nMiyMmYjIdQpsR2a5NjP/q3VTG1+HGZNJaqkki4/ilCOr0Ox6NGCaEssnDjDRzO2KyAhrTKzLqORCCJZPXoXWZTVwfF+r1G/yOIpwAqdwDgFcQR3uoAFNICDgGV7hzdPei/fufSxaC14+cwx/5H3+AKEpj5s=</latexit><latexit sha1_base64="hcBbunjbJd9lSxmv8FUIMgVssJY=">AAAB8HicbZC7SgNBFIbPxluMt6ilzWAQbAy7EtDCImBjGcFcJFnC7GQ2GTKXZWZWCEuewsZCEVsfx863cZJsoYk/DHz85xzmnD9KODPW97+9wtr6xuZWcbu0s7u3f1A+PGoZlWpCm0RxpTsRNpQzSZuWWU47iaZYRJy2o/HtrN5+otowJR/sJKGhwEPJYkawddZj1otidFHzp/1yxa/6c6FVCHKoQK5Gv/zVGyiSCiot4diYbuAnNsywtoxwOi31UkMTTMZ4SLsOJRbUhNl84Sk6c84AxUq7Jy2au78nMiyMmYjIdQpsR2a5NjP/q3VTG1+HGZNJaqkki4/ilCOr0Ox6NGCaEssnDjDRzO2KyAhrTKzLqORCCJZPXoXWZTVwfF+r1G/yOIpwAqdwDgFcQR3uoAFNICDgGV7hzdPei/fufSxaC14+cwx/5H3+AKEpj5s=</latexit><latexit sha1_base64="hcBbunjbJd9lSxmv8FUIMgVssJY=">AAAB8HicbZC7SgNBFIbPxluMt6ilzWAQbAy7EtDCImBjGcFcJFnC7GQ2GTKXZWZWCEuewsZCEVsfx863cZJsoYk/DHz85xzmnD9KODPW97+9wtr6xuZWcbu0s7u3f1A+PGoZlWpCm0RxpTsRNpQzSZuWWU47iaZYRJy2o/HtrN5+otowJR/sJKGhwEPJYkawddZj1otidFHzp/1yxa/6c6FVCHKoQK5Gv/zVGyiSCiot4diYbuAnNsywtoxwOi31UkMTTMZ4SLsOJRbUhNl84Sk6c84AxUq7Jy2au78nMiyMmYjIdQpsR2a5NjP/q3VTG1+HGZNJaqkki4/ilCOr0Ox6NGCaEssnDjDRzO2KyAhrTKzLqORCCJZPXoXWZTVwfF+r1G/yOIpwAqdwDgFcQR3uoAFNICDgGV7hzdPei/fufSxaC14+cwx/5H3+AKEpj5s=</latexit><latexit sha1_base64="hcBbunjbJd9lSxmv8FUIMgVssJY=">AAAB8HicbZC7SgNBFIbPxluMt6ilzWAQbAy7EtDCImBjGcFcJFnC7GQ2GTKXZWZWCEuewsZCEVsfx863cZJsoYk/DHz85xzmnD9KODPW97+9wtr6xuZWcbu0s7u3f1A+PGoZlWpCm0RxpTsRNpQzSZuWWU47iaZYRJy2o/HtrN5+otowJR/sJKGhwEPJYkawddZj1otidFHzp/1yxa/6c6FVCHKoQK5Gv/zVGyiSCiot4diYbuAnNsywtoxwOi31UkMTTMZ4SLsOJRbUhNl84Sk6c84AxUq7Jy2au78nMiyMmYjIdQpsR2a5NjP/q3VTG1+HGZNJaqkki4/ilCOr0Ox6NGCaEssnDjDRzO2KyAhrTKzLqORCCJZPXoXWZTVwfF+r1G/yOIpwAqdwDgFcQR3uoAFNICDgGV7hzdPei/fufSxaC14+cwx/5H3+AKEpj5s=</latexit>

0
<latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit>

0.5
<latexit sha1_base64="pRE8r9dN1/RkKm9RHNZ/kTVk+b8=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGDh4IXjxVsrbSlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wsrq2vpGcbO0tb2zu1feP2iaONUMGywWsW6F1KDgChuWW4GtRCOVocCHcHQzrT88oTY8Vvd2nGBX0oHiEWfUOusx64QR8asXk1654lf9mcgyBDlUIFe9V/7q9GOWSlSWCWpMO/AT282otpwJnJQ6qcGEshEdYNuhohJNN5stPCEnzumTKNbuKUtm7u+JjEpjxjJ0nZLaoVmsTc3/au3URlfdjKsktajY/KMoFcTGZHo96XONzIqxA8o0d7sSNqSaMusyKrkQgsWTl6F5Vg0c351Xatd5HEU4gmM4hQAuoQa3UIcGMJDwDK/w5mnvxXv3PuatBS+fOYQ/8j5/AKQzj50=</latexit><latexit sha1_base64="pRE8r9dN1/RkKm9RHNZ/kTVk+b8=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGDh4IXjxVsrbSlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wsrq2vpGcbO0tb2zu1feP2iaONUMGywWsW6F1KDgChuWW4GtRCOVocCHcHQzrT88oTY8Vvd2nGBX0oHiEWfUOusx64QR8asXk1654lf9mcgyBDlUIFe9V/7q9GOWSlSWCWpMO/AT282otpwJnJQ6qcGEshEdYNuhohJNN5stPCEnzumTKNbuKUtm7u+JjEpjxjJ0nZLaoVmsTc3/au3URlfdjKsktajY/KMoFcTGZHo96XONzIqxA8o0d7sSNqSaMusyKrkQgsWTl6F5Vg0c351Xatd5HEU4gmM4hQAuoQa3UIcGMJDwDK/w5mnvxXv3PuatBS+fOYQ/8j5/AKQzj50=</latexit><latexit sha1_base64="pRE8r9dN1/RkKm9RHNZ/kTVk+b8=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGDh4IXjxVsrbSlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wsrq2vpGcbO0tb2zu1feP2iaONUMGywWsW6F1KDgChuWW4GtRCOVocCHcHQzrT88oTY8Vvd2nGBX0oHiEWfUOusx64QR8asXk1654lf9mcgyBDlUIFe9V/7q9GOWSlSWCWpMO/AT282otpwJnJQ6qcGEshEdYNuhohJNN5stPCEnzumTKNbuKUtm7u+JjEpjxjJ0nZLaoVmsTc3/au3URlfdjKsktajY/KMoFcTGZHo96XONzIqxA8o0d7sSNqSaMusyKrkQgsWTl6F5Vg0c351Xatd5HEU4gmM4hQAuoQa3UIcGMJDwDK/w5mnvxXv3PuatBS+fOYQ/8j5/AKQzj50=</latexit><latexit sha1_base64="pRE8r9dN1/RkKm9RHNZ/kTVk+b8=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGDh4IXjxVsrbSlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wsrq2vpGcbO0tb2zu1feP2iaONUMGywWsW6F1KDgChuWW4GtRCOVocCHcHQzrT88oTY8Vvd2nGBX0oHiEWfUOusx64QR8asXk1654lf9mcgyBDlUIFe9V/7q9GOWSlSWCWpMO/AT282otpwJnJQ6qcGEshEdYNuhohJNN5stPCEnzumTKNbuKUtm7u+JjEpjxjJ0nZLaoVmsTc3/au3URlfdjKsktajY/KMoFcTGZHo96XONzIqxA8o0d7sSNqSaMusyKrkQgsWTl6F5Vg0c351Xatd5HEU4gmM4hQAuoQa3UIcGMJDwDK/w5mnvxXv3PuatBS+fOYQ/8j5/AKQzj50=</latexit>

1.0
<latexit sha1_base64="J7kUXYOenkK+tDBAb37LNH1KaKM=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYW19Y3OruF3a2d3bPygfHjVtnBrGGyyWsWmH1HIpNG+gQMnbieFUhZK3wvHtrN564saKWD/gJOE9RYdaRIJRdNZj1g0jElT9ab9c8av+XGQVghwqkKveL391BzFLFdfIJLW2E/gJ9jJqUDDJp6VuanlC2ZgOecehporbXjZfeErOnDMgUWzc00jm7u+JjCprJyp0nYriyC7XZuZ/tU6K0XUvEzpJkWu2+ChKJcGYzK4nA2E4QzlxQJkRblfCRtRQhi6jkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAAwXP8ApvnvFevHfvY9Fa8PKZY/gj7/MHniGPmQ==</latexit><latexit sha1_base64="J7kUXYOenkK+tDBAb37LNH1KaKM=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYW19Y3OruF3a2d3bPygfHjVtnBrGGyyWsWmH1HIpNG+gQMnbieFUhZK3wvHtrN564saKWD/gJOE9RYdaRIJRdNZj1g0jElT9ab9c8av+XGQVghwqkKveL391BzFLFdfIJLW2E/gJ9jJqUDDJp6VuanlC2ZgOecehporbXjZfeErOnDMgUWzc00jm7u+JjCprJyp0nYriyC7XZuZ/tU6K0XUvEzpJkWu2+ChKJcGYzK4nA2E4QzlxQJkRblfCRtRQhi6jkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAAwXP8ApvnvFevHfvY9Fa8PKZY/gj7/MHniGPmQ==</latexit><latexit sha1_base64="J7kUXYOenkK+tDBAb37LNH1KaKM=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYW19Y3OruF3a2d3bPygfHjVtnBrGGyyWsWmH1HIpNG+gQMnbieFUhZK3wvHtrN564saKWD/gJOE9RYdaRIJRdNZj1g0jElT9ab9c8av+XGQVghwqkKveL391BzFLFdfIJLW2E/gJ9jJqUDDJp6VuanlC2ZgOecehporbXjZfeErOnDMgUWzc00jm7u+JjCprJyp0nYriyC7XZuZ/tU6K0XUvEzpJkWu2+ChKJcGYzK4nA2E4QzlxQJkRblfCRtRQhi6jkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAAwXP8ApvnvFevHfvY9Fa8PKZY/gj7/MHniGPmQ==</latexit><latexit sha1_base64="J7kUXYOenkK+tDBAb37LNH1KaKM=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYW19Y3OruF3a2d3bPygfHjVtnBrGGyyWsWmH1HIpNG+gQMnbieFUhZK3wvHtrN564saKWD/gJOE9RYdaRIJRdNZj1g0jElT9ab9c8av+XGQVghwqkKveL391BzFLFdfIJLW2E/gJ9jJqUDDJp6VuanlC2ZgOecehporbXjZfeErOnDMgUWzc00jm7u+JjCprJyp0nYriyC7XZuZ/tU6K0XUvEzpJkWu2+ChKJcGYzK4nA2E4QzlxQJkRblfCRtRQhi6jkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAAwXP8ApvnvFevHfvY9Fa8PKZY/gj7/MHniGPmQ==</latexit>

1.5
<latexit sha1_base64="Ed/QsXjRYlOCTpbKzulhf8Bl0Jw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGDh4IXjxVsrbSlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wsrq2vpGcbO0tb2zu1feP2iaONUMGywWsW6F1KDgChuWW4GtRCOVocCHcHQzrT88oTY8Vvd2nGBX0oHiEWfUOusx64QRCaoXk1654lf9mcgyBDlUIFe9V/7q9GOWSlSWCWpMO/AT282otpwJnJQ6qcGEshEdYNuhohJNN5stPCEnzumTKNbuKUtm7u+JjEpjxjJ0nZLaoVmsTc3/au3URlfdjKsktajY/KMoFcTGZHo96XONzIqxA8o0d7sSNqSaMusyKrkQgsWTl6F5Vg0c351Xatd5HEU4gmM4hQAuoQa3UIcGMJDwDK/w5mnvxXv3PuatBS+fOYQ/8j5/AKW6j54=</latexit><latexit sha1_base64="Ed/QsXjRYlOCTpbKzulhf8Bl0Jw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGDh4IXjxVsrbSlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wsrq2vpGcbO0tb2zu1feP2iaONUMGywWsW6F1KDgChuWW4GtRCOVocCHcHQzrT88oTY8Vvd2nGBX0oHiEWfUOusx64QRCaoXk1654lf9mcgyBDlUIFe9V/7q9GOWSlSWCWpMO/AT282otpwJnJQ6qcGEshEdYNuhohJNN5stPCEnzumTKNbuKUtm7u+JjEpjxjJ0nZLaoVmsTc3/au3URlfdjKsktajY/KMoFcTGZHo96XONzIqxA8o0d7sSNqSaMusyKrkQgsWTl6F5Vg0c351Xatd5HEU4gmM4hQAuoQa3UIcGMJDwDK/w5mnvxXv3PuatBS+fOYQ/8j5/AKW6j54=</latexit><latexit sha1_base64="Ed/QsXjRYlOCTpbKzulhf8Bl0Jw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGDh4IXjxVsrbSlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wsrq2vpGcbO0tb2zu1feP2iaONUMGywWsW6F1KDgChuWW4GtRCOVocCHcHQzrT88oTY8Vvd2nGBX0oHiEWfUOusx64QRCaoXk1654lf9mcgyBDlUIFe9V/7q9GOWSlSWCWpMO/AT282otpwJnJQ6qcGEshEdYNuhohJNN5stPCEnzumTKNbuKUtm7u+JjEpjxjJ0nZLaoVmsTc3/au3URlfdjKsktajY/KMoFcTGZHo96XONzIqxA8o0d7sSNqSaMusyKrkQgsWTl6F5Vg0c351Xatd5HEU4gmM4hQAuoQa3UIcGMJDwDK/w5mnvxXv3PuatBS+fOYQ/8j5/AKW6j54=</latexit><latexit sha1_base64="Ed/QsXjRYlOCTpbKzulhf8Bl0Jw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGDh4IXjxVsrbSlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wsrq2vpGcbO0tb2zu1feP2iaONUMGywWsW6F1KDgChuWW4GtRCOVocCHcHQzrT88oTY8Vvd2nGBX0oHiEWfUOusx64QRCaoXk1654lf9mcgyBDlUIFe9V/7q9GOWSlSWCWpMO/AT282otpwJnJQ6qcGEshEdYNuhohJNN5stPCEnzumTKNbuKUtm7u+JjEpjxjJ0nZLaoVmsTc3/au3URlfdjKsktajY/KMoFcTGZHo96XONzIqxA8o0d7sSNqSaMusyKrkQgsWTl6F5Vg0c351Xatd5HEU4gmM4hQAuoQa3UIcGMJDwDK/w5mnvxXv3PuatBS+fOYQ/8j5/AKW6j54=</latexit>

2.0
<latexit sha1_base64="PMguB9emuDw7ThUyE3oNwcG8vUg=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2XS2DU2yS5IVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TwY31/W9vbX1jc2u7sFPc3ds/OCwdHTdNnGqGDRaLWLdDalBwhQ3LrcB2opHKUGArHN/O6q0n1IbH6sFOEuxJOlQ84oxaZz1m3TAi1Yo/7ZfKfsWfi6xCkEMZctX7pa/uIGapRGWZoMZ0Aj+xvYxqy5nAabGbGkwoG9MhdhwqKtH0svnCU3LunAGJYu2esmTu/p7IqDRmIkPXKakdmeXazPyv1kltdN3LuEpSi4otPopSQWxMZteTAdfIrJg4oExztythI6opsy6jogshWD55FZrVSuD4/rJcu8njKMApnMEFBHAFNbiDOjSAgYRneIU3T3sv3rv3sWhd8/KZE/gj7/MHn6iPmg==</latexit><latexit sha1_base64="PMguB9emuDw7ThUyE3oNwcG8vUg=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2XS2DU2yS5IVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TwY31/W9vbX1jc2u7sFPc3ds/OCwdHTdNnGqGDRaLWLdDalBwhQ3LrcB2opHKUGArHN/O6q0n1IbH6sFOEuxJOlQ84oxaZz1m3TAi1Yo/7ZfKfsWfi6xCkEMZctX7pa/uIGapRGWZoMZ0Aj+xvYxqy5nAabGbGkwoG9MhdhwqKtH0svnCU3LunAGJYu2esmTu/p7IqDRmIkPXKakdmeXazPyv1kltdN3LuEpSi4otPopSQWxMZteTAdfIrJg4oExztythI6opsy6jogshWD55FZrVSuD4/rJcu8njKMApnMEFBHAFNbiDOjSAgYRneIU3T3sv3rv3sWhd8/KZE/gj7/MHn6iPmg==</latexit><latexit sha1_base64="PMguB9emuDw7ThUyE3oNwcG8vUg=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2XS2DU2yS5IVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TwY31/W9vbX1jc2u7sFPc3ds/OCwdHTdNnGqGDRaLWLdDalBwhQ3LrcB2opHKUGArHN/O6q0n1IbH6sFOEuxJOlQ84oxaZz1m3TAi1Yo/7ZfKfsWfi6xCkEMZctX7pa/uIGapRGWZoMZ0Aj+xvYxqy5nAabGbGkwoG9MhdhwqKtH0svnCU3LunAGJYu2esmTu/p7IqDRmIkPXKakdmeXazPyv1kltdN3LuEpSi4otPopSQWxMZteTAdfIrJg4oExztythI6opsy6jogshWD55FZrVSuD4/rJcu8njKMApnMEFBHAFNbiDOjSAgYRneIU3T3sv3rv3sWhd8/KZE/gj7/MHn6iPmg==</latexit><latexit sha1_base64="PMguB9emuDw7ThUyE3oNwcG8vUg=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2XS2DU2yS5IVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TwY31/W9vbX1jc2u7sFPc3ds/OCwdHTdNnGqGDRaLWLdDalBwhQ3LrcB2opHKUGArHN/O6q0n1IbH6sFOEuxJOlQ84oxaZz1m3TAi1Yo/7ZfKfsWfi6xCkEMZctX7pa/uIGapRGWZoMZ0Aj+xvYxqy5nAabGbGkwoG9MhdhwqKtH0svnCU3LunAGJYu2esmTu/p7IqDRmIkPXKakdmeXazPyv1kltdN3LuEpSi4otPopSQWxMZteTAdfIrJg4oExztythI6opsy6jogshWD55FZrVSuD4/rJcu8njKMApnMEFBHAFNbiDOjSAgYRneIU3T3sv3rv3sWhd8/KZE/gj7/MHn6iPmg==</latexit>

2.5
<latexit sha1_base64="KCr/mjzJ08IevqRy9U+iI52t79s=">AAAB8HicbZC7SgNBFIbPxluMt6ilzWAQrMJuULSwCNhYRjAXSZYwO5lNhsxlmZkVwpKnsLFQxNbHsfNtnCRbaOIPAx//OYc5548Szoz1/W+vsLa+sblV3C7t7O7tH5QPj1pGpZrQJlFc6U6EDeVM0qZlltNOoikWEaftaHw7q7efqDZMyQc7SWgo8FCymBFsnfWY9aIY1aqX03654lf9udAqBDlUIFejX/7qDRRJBZWWcGxMN/ATG2ZYW0Y4nZZ6qaEJJmM8pF2HEgtqwmy+8BSdOWeAYqXdkxbN3d8TGRbGTETkOgW2I7Ncm5n/1bqpja/DjMkktVSSxUdxypFVaHY9GjBNieUTB5ho5nZFZIQ1JtZlVHIhBMsnr0KrVg0c319U6jd5HEU4gVM4hwCuoA530IAmEBDwDK/w5mnvxXv3PhatBS+fOYY/8j5/AKdBj58=</latexit><latexit sha1_base64="KCr/mjzJ08IevqRy9U+iI52t79s=">AAAB8HicbZC7SgNBFIbPxluMt6ilzWAQrMJuULSwCNhYRjAXSZYwO5lNhsxlmZkVwpKnsLFQxNbHsfNtnCRbaOIPAx//OYc5548Szoz1/W+vsLa+sblV3C7t7O7tH5QPj1pGpZrQJlFc6U6EDeVM0qZlltNOoikWEaftaHw7q7efqDZMyQc7SWgo8FCymBFsnfWY9aIY1aqX03654lf9udAqBDlUIFejX/7qDRRJBZWWcGxMN/ATG2ZYW0Y4nZZ6qaEJJmM8pF2HEgtqwmy+8BSdOWeAYqXdkxbN3d8TGRbGTETkOgW2I7Ncm5n/1bqpja/DjMkktVSSxUdxypFVaHY9GjBNieUTB5ho5nZFZIQ1JtZlVHIhBMsnr0KrVg0c319U6jd5HEU4gVM4hwCuoA530IAmEBDwDK/w5mnvxXv3PhatBS+fOYY/8j5/AKdBj58=</latexit><latexit sha1_base64="KCr/mjzJ08IevqRy9U+iI52t79s=">AAAB8HicbZC7SgNBFIbPxluMt6ilzWAQrMJuULSwCNhYRjAXSZYwO5lNhsxlmZkVwpKnsLFQxNbHsfNtnCRbaOIPAx//OYc5548Szoz1/W+vsLa+sblV3C7t7O7tH5QPj1pGpZrQJlFc6U6EDeVM0qZlltNOoikWEaftaHw7q7efqDZMyQc7SWgo8FCymBFsnfWY9aIY1aqX03654lf9udAqBDlUIFejX/7qDRRJBZWWcGxMN/ATG2ZYW0Y4nZZ6qaEJJmM8pF2HEgtqwmy+8BSdOWeAYqXdkxbN3d8TGRbGTETkOgW2I7Ncm5n/1bqpja/DjMkktVSSxUdxypFVaHY9GjBNieUTB5ho5nZFZIQ1JtZlVHIhBMsnr0KrVg0c319U6jd5HEU4gVM4hwCuoA530IAmEBDwDK/w5mnvxXv3PhatBS+fOYY/8j5/AKdBj58=</latexit><latexit sha1_base64="KCr/mjzJ08IevqRy9U+iI52t79s=">AAAB8HicbZC7SgNBFIbPxluMt6ilzWAQrMJuULSwCNhYRjAXSZYwO5lNhsxlmZkVwpKnsLFQxNbHsfNtnCRbaOIPAx//OYc5548Szoz1/W+vsLa+sblV3C7t7O7tH5QPj1pGpZrQJlFc6U6EDeVM0qZlltNOoikWEaftaHw7q7efqDZMyQc7SWgo8FCymBFsnfWY9aIY1aqX03654lf9udAqBDlUIFejX/7qDRRJBZWWcGxMN/ATG2ZYW0Y4nZZ6qaEJJmM8pF2HEgtqwmy+8BSdOWeAYqXdkxbN3d8TGRbGTETkOgW2I7Ncm5n/1bqpja/DjMkktVSSxUdxypFVaHY9GjBNieUTB5ho5nZFZIQ1JtZlVHIhBMsnr0KrVg0c319U6jd5HEU4gVM4hwCuoA530IAmEBDwDK/w5mnvxXv3PhatBS+fOYY/8j5/AKdBj58=</latexit>

⇢/⇢0
<latexit sha1_base64="vQvawvPviajH9a9zQHfkZu7Hnyg=">AAAB+HicbZDLSgMxFIbP1Futl466dBMsgqs6I4Iui25cVrAXaIchk6ZtaCYZkoxQhz6JGxeKuPVR3Pk2ZtpZaOuBkI//P4ec/FHCmTae9+2U1tY3NrfK25Wd3b39qntw2NYyVYS2iORSdSOsKWeCtgwznHYTRXEccdqJJre533mkSjMpHsw0oUGMR4INGcHGSqFbzfpqLNE5yq/Qm4Vuzat780Kr4BdQg6KaofvVH0iSxlQYwrHWPd9LTJBhZRjhdFbpp5ommEzwiPYsChxTHWTzxWfo1CoDNJTKHmHQXP09keFY62kc2c4Ym7Fe9nLxP6+XmuF1kDGRpIYKsnhomHJkJMpTQAOmKDF8agETxeyuiIyxwsTYrCo2BH/5y6vQvqj7lu8va42bIo4yHMMJnIEPV9CAO2hCCwik8Ayv8OY8OS/Ou/OxaC05xcwR/Cnn8wfIFZKB</latexit><latexit sha1_base64="vQvawvPviajH9a9zQHfkZu7Hnyg=">AAAB+HicbZDLSgMxFIbP1Futl466dBMsgqs6I4Iui25cVrAXaIchk6ZtaCYZkoxQhz6JGxeKuPVR3Pk2ZtpZaOuBkI//P4ec/FHCmTae9+2U1tY3NrfK25Wd3b39qntw2NYyVYS2iORSdSOsKWeCtgwznHYTRXEccdqJJre533mkSjMpHsw0oUGMR4INGcHGSqFbzfpqLNE5yq/Qm4Vuzat780Kr4BdQg6KaofvVH0iSxlQYwrHWPd9LTJBhZRjhdFbpp5ommEzwiPYsChxTHWTzxWfo1CoDNJTKHmHQXP09keFY62kc2c4Ym7Fe9nLxP6+XmuF1kDGRpIYKsnhomHJkJMpTQAOmKDF8agETxeyuiIyxwsTYrCo2BH/5y6vQvqj7lu8va42bIo4yHMMJnIEPV9CAO2hCCwik8Ayv8OY8OS/Ou/OxaC05xcwR/Cnn8wfIFZKB</latexit><latexit sha1_base64="vQvawvPviajH9a9zQHfkZu7Hnyg=">AAAB+HicbZDLSgMxFIbP1Futl466dBMsgqs6I4Iui25cVrAXaIchk6ZtaCYZkoxQhz6JGxeKuPVR3Pk2ZtpZaOuBkI//P4ec/FHCmTae9+2U1tY3NrfK25Wd3b39qntw2NYyVYS2iORSdSOsKWeCtgwznHYTRXEccdqJJre533mkSjMpHsw0oUGMR4INGcHGSqFbzfpqLNE5yq/Qm4Vuzat780Kr4BdQg6KaofvVH0iSxlQYwrHWPd9LTJBhZRjhdFbpp5ommEzwiPYsChxTHWTzxWfo1CoDNJTKHmHQXP09keFY62kc2c4Ym7Fe9nLxP6+XmuF1kDGRpIYKsnhomHJkJMpTQAOmKDF8agETxeyuiIyxwsTYrCo2BH/5y6vQvqj7lu8va42bIo4yHMMJnIEPV9CAO2hCCwik8Ayv8OY8OS/Ou/OxaC05xcwR/Cnn8wfIFZKB</latexit><latexit sha1_base64="vQvawvPviajH9a9zQHfkZu7Hnyg=">AAAB+HicbZDLSgMxFIbP1Futl466dBMsgqs6I4Iui25cVrAXaIchk6ZtaCYZkoxQhz6JGxeKuPVR3Pk2ZtpZaOuBkI//P4ec/FHCmTae9+2U1tY3NrfK25Wd3b39qntw2NYyVYS2iORSdSOsKWeCtgwznHYTRXEccdqJJre533mkSjMpHsw0oUGMR4INGcHGSqFbzfpqLNE5yq/Qm4Vuzat780Kr4BdQg6KaofvVH0iSxlQYwrHWPd9LTJBhZRjhdFbpp5ommEzwiPYsChxTHWTzxWfo1CoDNJTKHmHQXP09keFY62kc2c4Ym7Fe9nLxP6+XmuF1kDGRpIYKsnhomHJkJMpTQAOmKDF8agETxeyuiIyxwsTYrCo2BH/5y6vQvqj7lu8va42bIo4yHMMJnIEPV9CAO2hCCwik8Ayv8OY8OS/Ou/OxaC05xcwR/Cnn8wfIFZKB</latexit>
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<latexit sha1_base64="uIrXrtZskplvCjnHdRmvZkqMHrI=">AAACCnicbVDLSsNAFJ34rPUVdelmtAh1UxIRdKFQcONCoYJpC0kIk8mkHTp5MDMRSmi3bvwVNy4UcesXuPNvnKZZaOuBgcM593DnHj9lVEjD+NYWFpeWV1Yra9X1jc2tbX1nty2SjGNi4YQlvOsjQRiNiSWpZKSbcoIin5GOP7ia+J0HwgVN4ns5TIkboV5MQ4qRVJKnH+SOH0LLc25UJkCjenppHI/HhWrfkrY78vSa0TAKwHlilqQGSrQ8/csJEpxFJJaYISFs00ilmyMuKWZkVHUyQVKEB6hHbEVjFBHh5sUpI3iklACGCVcvlrBQfydyFAkxjHw1GSHZF7PeRPzPszMZnrs5jdNMkhhPF4UZgzKBk15gQDnBkg0VQZhT9VeI+4gjLFV7VVWCOXvyPGmfNEzF705rzYuyjgrYB4egDkxwBprgGrSABTB4BM/gFbxpT9qL9q59TEcXtDKzB/5A+/wBwEGZog==</latexit><latexit sha1_base64="uIrXrtZskplvCjnHdRmvZkqMHrI=">AAACCnicbVDLSsNAFJ34rPUVdelmtAh1UxIRdKFQcONCoYJpC0kIk8mkHTp5MDMRSmi3bvwVNy4UcesXuPNvnKZZaOuBgcM593DnHj9lVEjD+NYWFpeWV1Yra9X1jc2tbX1nty2SjGNi4YQlvOsjQRiNiSWpZKSbcoIin5GOP7ia+J0HwgVN4ns5TIkboV5MQ4qRVJKnH+SOH0LLc25UJkCjenppHI/HhWrfkrY78vSa0TAKwHlilqQGSrQ8/csJEpxFJJaYISFs00ilmyMuKWZkVHUyQVKEB6hHbEVjFBHh5sUpI3iklACGCVcvlrBQfydyFAkxjHw1GSHZF7PeRPzPszMZnrs5jdNMkhhPF4UZgzKBk15gQDnBkg0VQZhT9VeI+4gjLFV7VVWCOXvyPGmfNEzF705rzYuyjgrYB4egDkxwBprgGrSABTB4BM/gFbxpT9qL9q59TEcXtDKzB/5A+/wBwEGZog==</latexit><latexit sha1_base64="uIrXrtZskplvCjnHdRmvZkqMHrI=">AAACCnicbVDLSsNAFJ34rPUVdelmtAh1UxIRdKFQcONCoYJpC0kIk8mkHTp5MDMRSmi3bvwVNy4UcesXuPNvnKZZaOuBgcM593DnHj9lVEjD+NYWFpeWV1Yra9X1jc2tbX1nty2SjGNi4YQlvOsjQRiNiSWpZKSbcoIin5GOP7ia+J0HwgVN4ns5TIkboV5MQ4qRVJKnH+SOH0LLc25UJkCjenppHI/HhWrfkrY78vSa0TAKwHlilqQGSrQ8/csJEpxFJJaYISFs00ilmyMuKWZkVHUyQVKEB6hHbEVjFBHh5sUpI3iklACGCVcvlrBQfydyFAkxjHw1GSHZF7PeRPzPszMZnrs5jdNMkhhPF4UZgzKBk15gQDnBkg0VQZhT9VeI+4gjLFV7VVWCOXvyPGmfNEzF705rzYuyjgrYB4egDkxwBprgGrSABTB4BM/gFbxpT9qL9q59TEcXtDKzB/5A+/wBwEGZog==</latexit><latexit sha1_base64="uIrXrtZskplvCjnHdRmvZkqMHrI=">AAACCnicbVDLSsNAFJ34rPUVdelmtAh1UxIRdKFQcONCoYJpC0kIk8mkHTp5MDMRSmi3bvwVNy4UcesXuPNvnKZZaOuBgcM593DnHj9lVEjD+NYWFpeWV1Yra9X1jc2tbX1nty2SjGNi4YQlvOsjQRiNiSWpZKSbcoIin5GOP7ia+J0HwgVN4ns5TIkboV5MQ4qRVJKnH+SOH0LLc25UJkCjenppHI/HhWrfkrY78vSa0TAKwHlilqQGSrQ8/csJEpxFJJaYISFs00ilmyMuKWZkVHUyQVKEB6hHbEVjFBHh5sUpI3iklACGCVcvlrBQfydyFAkxjHw1GSHZF7PeRPzPszMZnrs5jdNMkhhPF4UZgzKBk15gQDnBkg0VQZhT9VeI+4gjLFV7VVWCOXvyPGmfNEzF705rzYuyjgrYB4egDkxwBprgGrSABTB4BM/gFbxpT9qL9q59TEcXtDKzB/5A+/wBwEGZog==</latexit>

⇤N
<latexit sha1_base64="cVI4qivLgWMdc59rkOuZyugPEWg=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURoV0W3LgQqWAf0IQymUzaoZNJmJkINfRL3LhQxK2f4s6/cdpmoa0HBg7n3MO9c4KUM6Ud59sqbWxube+Udyt7+weHVfvouKuSTBLaIQlPZD/AinImaEczzWk/lRTHAae9YHI993uPVCqWiAc9Takf45FgESNYG2loV3MviJB3axIhRnezoV1z6s4CaJ24BalBgfbQ/vLChGQxFZpwrNTAdVLt51hqRjidVbxM0RSTCR7RgaECx1T5+eLwGTo3SoiiRJonNFqovxM5jpWaxoGZjLEeq1VvLv7nDTIdNf2ciTTTVJDloijjSCdo3gIKmaRE86khmEhmbkVkjCUm2nRVMSW4q19eJ93Lumv4/VWt1SzqKMMpnMEFuNCAFtxAGzpAIINneIU368l6sd6tj+VoySoyJ/AH1ucP0AqSfg==</latexit><latexit sha1_base64="cVI4qivLgWMdc59rkOuZyugPEWg=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURoV0W3LgQqWAf0IQymUzaoZNJmJkINfRL3LhQxK2f4s6/cdpmoa0HBg7n3MO9c4KUM6Ud59sqbWxube+Udyt7+weHVfvouKuSTBLaIQlPZD/AinImaEczzWk/lRTHAae9YHI993uPVCqWiAc9Takf45FgESNYG2loV3MviJB3axIhRnezoV1z6s4CaJ24BalBgfbQ/vLChGQxFZpwrNTAdVLt51hqRjidVbxM0RSTCR7RgaECx1T5+eLwGTo3SoiiRJonNFqovxM5jpWaxoGZjLEeq1VvLv7nDTIdNf2ciTTTVJDloijjSCdo3gIKmaRE86khmEhmbkVkjCUm2nRVMSW4q19eJ93Lumv4/VWt1SzqKMMpnMEFuNCAFtxAGzpAIINneIU368l6sd6tj+VoySoyJ/AH1ucP0AqSfg==</latexit><latexit sha1_base64="cVI4qivLgWMdc59rkOuZyugPEWg=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURoV0W3LgQqWAf0IQymUzaoZNJmJkINfRL3LhQxK2f4s6/cdpmoa0HBg7n3MO9c4KUM6Ud59sqbWxube+Udyt7+weHVfvouKuSTBLaIQlPZD/AinImaEczzWk/lRTHAae9YHI993uPVCqWiAc9Takf45FgESNYG2loV3MviJB3axIhRnezoV1z6s4CaJ24BalBgfbQ/vLChGQxFZpwrNTAdVLt51hqRjidVbxM0RSTCR7RgaECx1T5+eLwGTo3SoiiRJonNFqovxM5jpWaxoGZjLEeq1VvLv7nDTIdNf2ciTTTVJDloijjSCdo3gIKmaRE86khmEhmbkVkjCUm2nRVMSW4q19eJ93Lumv4/VWt1SzqKMMpnMEFuNCAFtxAGzpAIINneIU368l6sd6tj+VoySoyJ/AH1ucP0AqSfg==</latexit><latexit sha1_base64="cVI4qivLgWMdc59rkOuZyugPEWg=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURoV0W3LgQqWAf0IQymUzaoZNJmJkINfRL3LhQxK2f4s6/cdpmoa0HBg7n3MO9c4KUM6Ud59sqbWxube+Udyt7+weHVfvouKuSTBLaIQlPZD/AinImaEczzWk/lRTHAae9YHI993uPVCqWiAc9Takf45FgESNYG2loV3MviJB3axIhRnezoV1z6s4CaJ24BalBgfbQ/vLChGQxFZpwrNTAdVLt51hqRjidVbxM0RSTCR7RgaECx1T5+eLwGTo3SoiiRJonNFqovxM5jpWaxoGZjLEeq1VvLv7nDTIdNf2ciTTTVJDloijjSCdo3gIKmaRE86khmEhmbkVkjCUm2nRVMSW4q19eJ93Lumv4/VWt1SzqKMMpnMEFuNCAFtxAGzpAIINneIU368l6sd6tj+VoySoyJ/AH1ucP0AqSfg==</latexit> two-body

2+3 body

hypernuclei
H1 = �1.1, H2 = �0.3

<latexit sha1_base64="vWhS6IDD5weyEQ+NP1+hhj9HLf4=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuKjDpAq6EQpuuqxgL9AZhkyaaUMzF5KMUIau3Pgqblwo4tZncOfbmGlnoa0/BL785xyS8/sJZ1LZ9rdRWlldW98ob1a2tnd298z9g46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uPbvN59oEKyOLpXk4S6IR5GLGAEK2155nHm+AFsegjewHNkoZpTa3r1/GJbF1PPrNqWPRNcBlRAFRRqeeaXM4hJGtJIEY6l7CM7UW6GhWKE02nFSSVNMBnjIe1rjHBIpZvN1pjCU+0MYBALfSIFZ+7viQyHUk5CX3eGWI3kYi03/6v1UxVcuxmLklTRiMwfClIOVQzzTOCACUoUn2jARDD9V0hGWGCidHIVHQJaXHkZOnULab67rDbsIo4yOAIn4AwgcAUaoAlaoA0IeATP4BW8GU/Gi/FufMxbS0Yxcwj+yPj8AdjKlNE=</latexit><latexit sha1_base64="vWhS6IDD5weyEQ+NP1+hhj9HLf4=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuKjDpAq6EQpuuqxgL9AZhkyaaUMzF5KMUIau3Pgqblwo4tZncOfbmGlnoa0/BL785xyS8/sJZ1LZ9rdRWlldW98ob1a2tnd298z9g46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uPbvN59oEKyOLpXk4S6IR5GLGAEK2155nHm+AFsegjewHNkoZpTa3r1/GJbF1PPrNqWPRNcBlRAFRRqeeaXM4hJGtJIEY6l7CM7UW6GhWKE02nFSSVNMBnjIe1rjHBIpZvN1pjCU+0MYBALfSIFZ+7viQyHUk5CX3eGWI3kYi03/6v1UxVcuxmLklTRiMwfClIOVQzzTOCACUoUn2jARDD9V0hGWGCidHIVHQJaXHkZOnULab67rDbsIo4yOAIn4AwgcAUaoAlaoA0IeATP4BW8GU/Gi/FufMxbS0Yxcwj+yPj8AdjKlNE=</latexit><latexit sha1_base64="vWhS6IDD5weyEQ+NP1+hhj9HLf4=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuKjDpAq6EQpuuqxgL9AZhkyaaUMzF5KMUIau3Pgqblwo4tZncOfbmGlnoa0/BL785xyS8/sJZ1LZ9rdRWlldW98ob1a2tnd298z9g46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uPbvN59oEKyOLpXk4S6IR5GLGAEK2155nHm+AFsegjewHNkoZpTa3r1/GJbF1PPrNqWPRNcBlRAFRRqeeaXM4hJGtJIEY6l7CM7UW6GhWKE02nFSSVNMBnjIe1rjHBIpZvN1pjCU+0MYBALfSIFZ+7viQyHUk5CX3eGWI3kYi03/6v1UxVcuxmLklTRiMwfClIOVQzzTOCACUoUn2jARDD9V0hGWGCidHIVHQJaXHkZOnULab67rDbsIo4yOAIn4AwgcAUaoAlaoA0IeATP4BW8GU/Gi/FufMxbS0Yxcwj+yPj8AdjKlNE=</latexit><latexit sha1_base64="vWhS6IDD5weyEQ+NP1+hhj9HLf4=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuKjDpAq6EQpuuqxgL9AZhkyaaUMzF5KMUIau3Pgqblwo4tZncOfbmGlnoa0/BL785xyS8/sJZ1LZ9rdRWlldW98ob1a2tnd298z9g46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uPbvN59oEKyOLpXk4S6IR5GLGAEK2155nHm+AFsegjewHNkoZpTa3r1/GJbF1PPrNqWPRNcBlRAFRRqeeaXM4hJGtJIEY6l7CM7UW6GhWKE02nFSSVNMBnjIe1rjHBIpZvN1pjCU+0MYBALfSIFZ+7viQyHUk5CX3eGWI3kYi03/6v1UxVcuxmLklTRiMwfClIOVQzzTOCACUoUn2jARDD9V0hGWGCidHIVHQJaXHkZOnULab67rDbsIo4yOAIn4AwgcAUaoAlaoA0IeATP4BW8GU/Gi/FufMxbS0Yxcwj+yPj8AdjKlNE=</latexit>

H1 = �1.5, H2 = �0.1
<latexit sha1_base64="YKUA1f6fiUyzAaUMX9OJ195FfD4=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuKjDpCi6EQpuuqxgL9AZhkyaaUMzF5KMUIau3Pgqblwo4tZncOfbmGlnoa0/BL785xyS8/sJZ1LZ9rdRWlldW98ob1a2tnd298z9g46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uPbvN59oEKyOLpXk4S6IR5GLGAEK2155nHm+AFsegjewHNkXdacWtOr5xfbQlPPrNqWPRNcBlRAFRRqeeaXM4hJGtJIEY6l7CM7UW6GhWKE02nFSSVNMBnjIe1rjHBIpZvN1pjCU+0MYBALfSIFZ+7viQyHUk5CX3eGWI3kYi03/6v1UxVcuxmLklTRiMwfClIOVQzzTOCACUoUn2jARDD9V0hGWGCidHIVHQJaXHkZOnULab67qDbsIo4yOAIn4AwgcAUaoAlaoA0IeATP4BW8GU/Gi/FufMxbS0Yxcwj+yPj8AdwIlNM=</latexit><latexit sha1_base64="YKUA1f6fiUyzAaUMX9OJ195FfD4=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuKjDpCi6EQpuuqxgL9AZhkyaaUMzF5KMUIau3Pgqblwo4tZncOfbmGlnoa0/BL785xyS8/sJZ1LZ9rdRWlldW98ob1a2tnd298z9g46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uPbvN59oEKyOLpXk4S6IR5GLGAEK2155nHm+AFsegjewHNkXdacWtOr5xfbQlPPrNqWPRNcBlRAFRRqeeaXM4hJGtJIEY6l7CM7UW6GhWKE02nFSSVNMBnjIe1rjHBIpZvN1pjCU+0MYBALfSIFZ+7viQyHUk5CX3eGWI3kYi03/6v1UxVcuxmLklTRiMwfClIOVQzzTOCACUoUn2jARDD9V0hGWGCidHIVHQJaXHkZOnULab67qDbsIo4yOAIn4AwgcAUaoAlaoA0IeATP4BW8GU/Gi/FufMxbS0Yxcwj+yPj8AdwIlNM=</latexit><latexit sha1_base64="YKUA1f6fiUyzAaUMX9OJ195FfD4=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuKjDpCi6EQpuuqxgL9AZhkyaaUMzF5KMUIau3Pgqblwo4tZncOfbmGlnoa0/BL785xyS8/sJZ1LZ9rdRWlldW98ob1a2tnd298z9g46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uPbvN59oEKyOLpXk4S6IR5GLGAEK2155nHm+AFsegjewHNkXdacWtOr5xfbQlPPrNqWPRNcBlRAFRRqeeaXM4hJGtJIEY6l7CM7UW6GhWKE02nFSSVNMBnjIe1rjHBIpZvN1pjCU+0MYBALfSIFZ+7viQyHUk5CX3eGWI3kYi03/6v1UxVcuxmLklTRiMwfClIOVQzzTOCACUoUn2jARDD9V0hGWGCidHIVHQJaXHkZOnULab67qDbsIo4yOAIn4AwgcAUaoAlaoA0IeATP4BW8GU/Gi/FufMxbS0Yxcwj+yPj8AdwIlNM=</latexit><latexit sha1_base64="YKUA1f6fiUyzAaUMX9OJ195FfD4=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuKjDpCi6EQpuuqxgL9AZhkyaaUMzF5KMUIau3Pgqblwo4tZncOfbmGlnoa0/BL785xyS8/sJZ1LZ9rdRWlldW98ob1a2tnd298z9g46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uPbvN59oEKyOLpXk4S6IR5GLGAEK2155nHm+AFsegjewHNkXdacWtOr5xfbQlPPrNqWPRNcBlRAFRRqeeaXM4hJGtJIEY6l7CM7UW6GhWKE02nFSSVNMBnjIe1rjHBIpZvN1pjCU+0MYBALfSIFZ+7viQyHUk5CX3eGWI3kYi03/6v1UxVcuxmLklTRiMwfClIOVQzzTOCACUoUn2jARDD9V0hGWGCidHIVHQJaXHkZOnULab67qDbsIo4yOAIn4AwgcAUaoAlaoA0IeATP4BW8GU/Gi/FufMxbS0Yxcwj+yPj8AdwIlNM=</latexit>

{
<latexit sha1_base64="LI/Gbhbn/iHSNp9SkY/GFFnBwoo=">AAAB6XicbZBNS8NAEIYn9avWr6hHL4tF8FSSXvRY9OKxiv2ANpTNdtMu3WzC7kQoof/AiwdFvPqPvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3SxubW9k55t7K3f3B45B6ftE2SacZbLJGJ7obUcCkUb6FAybup5jQOJe+Ek9t5vfPEtRGJesRpyoOYjpSIBKNorYd+PnCrXs1biKyDX0AVCjUH7ld/mLAs5gqZpMb0fC/FIKcaBZN8VulnhqeUTeiI9ywqGnMT5ItNZ+TCOkMSJdo+hWTh/p7IaWzMNA5tZ0xxbFZrc/O/Wi/D6DrIhUoz5IotP4oySTAh87PJUGjOUE4tUKaF3ZWwMdWUoQ2nYkPwV09eh3a95lu+r1cbN0UcZTiDc7gEH66gAXfQhBYwiOAZXuHNmTgvzrvzsWwtOcXMKfyR8/kDmuaNYw==</latexit><latexit sha1_base64="LI/Gbhbn/iHSNp9SkY/GFFnBwoo=">AAAB6XicbZBNS8NAEIYn9avWr6hHL4tF8FSSXvRY9OKxiv2ANpTNdtMu3WzC7kQoof/AiwdFvPqPvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3SxubW9k55t7K3f3B45B6ftE2SacZbLJGJ7obUcCkUb6FAybup5jQOJe+Ek9t5vfPEtRGJesRpyoOYjpSIBKNorYd+PnCrXs1biKyDX0AVCjUH7ld/mLAs5gqZpMb0fC/FIKcaBZN8VulnhqeUTeiI9ywqGnMT5ItNZ+TCOkMSJdo+hWTh/p7IaWzMNA5tZ0xxbFZrc/O/Wi/D6DrIhUoz5IotP4oySTAh87PJUGjOUE4tUKaF3ZWwMdWUoQ2nYkPwV09eh3a95lu+r1cbN0UcZTiDc7gEH66gAXfQhBYwiOAZXuHNmTgvzrvzsWwtOcXMKfyR8/kDmuaNYw==</latexit><latexit sha1_base64="LI/Gbhbn/iHSNp9SkY/GFFnBwoo=">AAAB6XicbZBNS8NAEIYn9avWr6hHL4tF8FSSXvRY9OKxiv2ANpTNdtMu3WzC7kQoof/AiwdFvPqPvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3SxubW9k55t7K3f3B45B6ftE2SacZbLJGJ7obUcCkUb6FAybup5jQOJe+Ek9t5vfPEtRGJesRpyoOYjpSIBKNorYd+PnCrXs1biKyDX0AVCjUH7ld/mLAs5gqZpMb0fC/FIKcaBZN8VulnhqeUTeiI9ywqGnMT5ItNZ+TCOkMSJdo+hWTh/p7IaWzMNA5tZ0xxbFZrc/O/Wi/D6DrIhUoz5IotP4oySTAh87PJUGjOUE4tUKaF3ZWwMdWUoQ2nYkPwV09eh3a95lu+r1cbN0UcZTiDc7gEH66gAXfQhBYwiOAZXuHNmTgvzrvzsWwtOcXMKfyR8/kDmuaNYw==</latexit><latexit sha1_base64="LI/Gbhbn/iHSNp9SkY/GFFnBwoo=">AAAB6XicbZBNS8NAEIYn9avWr6hHL4tF8FSSXvRY9OKxiv2ANpTNdtMu3WzC7kQoof/AiwdFvPqPvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3SxubW9k55t7K3f3B45B6ftE2SacZbLJGJ7obUcCkUb6FAybup5jQOJe+Ek9t5vfPEtRGJesRpyoOYjpSIBKNorYd+PnCrXs1biKyDX0AVCjUH7ld/mLAs5gqZpMb0fC/FIKcaBZN8VulnhqeUTeiI9ywqGnMT5ItNZ+TCOkMSJdo+hWTh/p7IaWzMNA5tZ0xxbFZrc/O/Wi/D6DrIhUoz5IotP4oySTAh87PJUGjOUE4tUKaF3ZWwMdWUoQ2nYkPwV09eh3a95lu+r1cbN0UcZTiDc7gEH66gAXfQhBYwiOAZXuHNmTgvzrvzsWwtOcXMKfyR8/kDmuaNYw==</latexit>

PHYSIK
DEPARTMENT

D. Gerstung,  N. Kaiser,  W. W.  (2018-19)

0
<latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit>

1
<latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit><latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit><latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit><latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit>

2
<latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit><latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit><latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit><latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit>

3
<latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit><latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit><latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit><latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit>

4
<latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit><latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit><latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit><latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit>

0
<latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit>

50
<latexit sha1_base64="s9InshrKld35mBQ6j3DW2jXRR7w=">AAAB73icbZA9SwNBEIbn4leMX1FLm8UgWIU7UbSwCNhYRjAfkBxhbzOXLNnbu+zuCeHIn7CxUMTWv2Pnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaO7Wb31hErzWD6aSYJ+RAeSh5xRY6121g1CcuVOe+WKW3XnIqvg5VCBXPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHYuSRqj9bL7vlJxZp0/CWNknDZm7vycyGmk9iQLbGVEz1Mu1mflfrZOa8MbPuExSg5ItPgpTQUxMZseTPlfIjJhYoExxuythQ6ooMzaikg3BWz55FZoXVc/yw2WldpvHUYQTOIVz8OAaanAPdWgAAwHP8Apvzth5cd6dj0VrwclnjuGPnM8fN0OPZQ==</latexit><latexit sha1_base64="s9InshrKld35mBQ6j3DW2jXRR7w=">AAAB73icbZA9SwNBEIbn4leMX1FLm8UgWIU7UbSwCNhYRjAfkBxhbzOXLNnbu+zuCeHIn7CxUMTWv2Pnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaO7Wb31hErzWD6aSYJ+RAeSh5xRY6121g1CcuVOe+WKW3XnIqvg5VCBXPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHYuSRqj9bL7vlJxZp0/CWNknDZm7vycyGmk9iQLbGVEz1Mu1mflfrZOa8MbPuExSg5ItPgpTQUxMZseTPlfIjJhYoExxuythQ6ooMzaikg3BWz55FZoXVc/yw2WldpvHUYQTOIVz8OAaanAPdWgAAwHP8Apvzth5cd6dj0VrwclnjuGPnM8fN0OPZQ==</latexit><latexit sha1_base64="s9InshrKld35mBQ6j3DW2jXRR7w=">AAAB73icbZA9SwNBEIbn4leMX1FLm8UgWIU7UbSwCNhYRjAfkBxhbzOXLNnbu+zuCeHIn7CxUMTWv2Pnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaO7Wb31hErzWD6aSYJ+RAeSh5xRY6121g1CcuVOe+WKW3XnIqvg5VCBXPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHYuSRqj9bL7vlJxZp0/CWNknDZm7vycyGmk9iQLbGVEz1Mu1mflfrZOa8MbPuExSg5ItPgpTQUxMZseTPlfIjJhYoExxuythQ6ooMzaikg3BWz55FZoXVc/yw2WldpvHUYQTOIVz8OAaanAPdWgAAwHP8Apvzth5cd6dj0VrwclnjuGPnM8fN0OPZQ==</latexit><latexit sha1_base64="s9InshrKld35mBQ6j3DW2jXRR7w=">AAAB73icbZA9SwNBEIbn4leMX1FLm8UgWIU7UbSwCNhYRjAfkBxhbzOXLNnbu+zuCeHIn7CxUMTWv2Pnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaO7Wb31hErzWD6aSYJ+RAeSh5xRY6121g1CcuVOe+WKW3XnIqvg5VCBXPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHYuSRqj9bL7vlJxZp0/CWNknDZm7vycyGmk9iQLbGVEz1Mu1mflfrZOa8MbPuExSg5ItPgpTQUxMZseTPlfIjJhYoExxuythQ6ooMzaikg3BWz55FZoXVc/yw2WldpvHUYQTOIVz8OAaanAPdWgAAwHP8Apvzth5cd6dj0VrwclnjuGPnM8fN0OPZQ==</latexit>

100
<latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit><latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit><latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit><latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit>

150
<latexit sha1_base64="kFC3CL2hpTmO9DOwvXoa3ex6SUs=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGDh4IXjxVsrbSlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wsrq2vpGcbO0tb2zu1feP2iaONUMGywWsW6F1KDgChuWW4GtRCOVocCHcHQzrT88oTY8Vvd2nGBX0oHiEWfUOusx64QRCS78Sa9c8av+TGQZghwqkKveK391+jFLJSrLBDWmHfiJ7WZUW84ETkqd1GBC2YgOsO1QUYmmm80WnpAT5/RJFGv3lCUz9/dERqUxYxm6Tknt0CzWpuZ/tXZqo6tuxlWSWlRs/lGUCmJjMr2e9LlGZsXYAWWau10JG1JNmXUZlVwIweLJy9A8qwaO784rtes8jiIcwTGcQgCXUINbqEMDGEh4hld487T34r17H/PWgpfPHMIfeZ8/qMuPoA==</latexit><latexit sha1_base64="kFC3CL2hpTmO9DOwvXoa3ex6SUs=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGDh4IXjxVsrbSlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wsrq2vpGcbO0tb2zu1feP2iaONUMGywWsW6F1KDgChuWW4GtRCOVocCHcHQzrT88oTY8Vvd2nGBX0oHiEWfUOusx64QRCS78Sa9c8av+TGQZghwqkKveK391+jFLJSrLBDWmHfiJ7WZUW84ETkqd1GBC2YgOsO1QUYmmm80WnpAT5/RJFGv3lCUz9/dERqUxYxm6Tknt0CzWpuZ/tXZqo6tuxlWSWlRs/lGUCmJjMr2e9LlGZsXYAWWau10JG1JNmXUZlVwIweLJy9A8qwaO784rtes8jiIcwTGcQgCXUINbqEMDGEh4hld487T34r17H/PWgpfPHMIfeZ8/qMuPoA==</latexit><latexit sha1_base64="kFC3CL2hpTmO9DOwvXoa3ex6SUs=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGDh4IXjxVsrbSlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wsrq2vpGcbO0tb2zu1feP2iaONUMGywWsW6F1KDgChuWW4GtRCOVocCHcHQzrT88oTY8Vvd2nGBX0oHiEWfUOusx64QRCS78Sa9c8av+TGQZghwqkKveK391+jFLJSrLBDWmHfiJ7WZUW84ETkqd1GBC2YgOsO1QUYmmm80WnpAT5/RJFGv3lCUz9/dERqUxYxm6Tknt0CzWpuZ/tXZqo6tuxlWSWlRs/lGUCmJjMr2e9LlGZsXYAWWau10JG1JNmXUZlVwIweLJy9A8qwaO784rtes8jiIcwTGcQgCXUINbqEMDGEh4hld487T34r17H/PWgpfPHMIfeZ8/qMuPoA==</latexit><latexit sha1_base64="kFC3CL2hpTmO9DOwvXoa3ex6SUs=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGDh4IXjxVsrbSlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wsrq2vpGcbO0tb2zu1feP2iaONUMGywWsW6F1KDgChuWW4GtRCOVocCHcHQzrT88oTY8Vvd2nGBX0oHiEWfUOusx64QRCS78Sa9c8av+TGQZghwqkKveK391+jFLJSrLBDWmHfiJ7WZUW84ETkqd1GBC2YgOsO1QUYmmm80WnpAT5/RJFGv3lCUz9/dERqUxYxm6Tknt0CzWpuZ/tXZqo6tuxlWSWlRs/lGUCmJjMr2e9LlGZsXYAWWau10JG1JNmXUZlVwIweLJy9A8qwaO784rtes8jiIcwTGcQgCXUINbqEMDGEh4hld487T34r17H/PWgpfPHMIfeZ8/qMuPoA==</latexit>

200
<latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit><latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit><latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit><latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit>

⇢/⇢0
<latexit sha1_base64="vQvawvPviajH9a9zQHfkZu7Hnyg=">AAAB+HicbZDLSgMxFIbP1Futl466dBMsgqs6I4Iui25cVrAXaIchk6ZtaCYZkoxQhz6JGxeKuPVR3Pk2ZtpZaOuBkI//P4ec/FHCmTae9+2U1tY3NrfK25Wd3b39qntw2NYyVYS2iORSdSOsKWeCtgwznHYTRXEccdqJJre533mkSjMpHsw0oUGMR4INGcHGSqFbzfpqLNE5yq/Qm4Vuzat780Kr4BdQg6KaofvVH0iSxlQYwrHWPd9LTJBhZRjhdFbpp5ommEzwiPYsChxTHWTzxWfo1CoDNJTKHmHQXP09keFY62kc2c4Ym7Fe9nLxP6+XmuF1kDGRpIYKsnhomHJkJMpTQAOmKDF8agETxeyuiIyxwsTYrCo2BH/5y6vQvqj7lu8va42bIo4yHMMJnIEPV9CAO2hCCwik8Ayv8OY8OS/Ou/OxaC05xcwR/Cnn8wfIFZKB</latexit><latexit sha1_base64="vQvawvPviajH9a9zQHfkZu7Hnyg=">AAAB+HicbZDLSgMxFIbP1Futl466dBMsgqs6I4Iui25cVrAXaIchk6ZtaCYZkoxQhz6JGxeKuPVR3Pk2ZtpZaOuBkI//P4ec/FHCmTae9+2U1tY3NrfK25Wd3b39qntw2NYyVYS2iORSdSOsKWeCtgwznHYTRXEccdqJJre533mkSjMpHsw0oUGMR4INGcHGSqFbzfpqLNE5yq/Qm4Vuzat780Kr4BdQg6KaofvVH0iSxlQYwrHWPd9LTJBhZRjhdFbpp5ommEzwiPYsChxTHWTzxWfo1CoDNJTKHmHQXP09keFY62kc2c4Ym7Fe9nLxP6+XmuF1kDGRpIYKsnhomHJkJMpTQAOmKDF8agETxeyuiIyxwsTYrCo2BH/5y6vQvqj7lu8va42bIo4yHMMJnIEPV9CAO2hCCwik8Ayv8OY8OS/Ou/OxaC05xcwR/Cnn8wfIFZKB</latexit><latexit sha1_base64="vQvawvPviajH9a9zQHfkZu7Hnyg=">AAAB+HicbZDLSgMxFIbP1Futl466dBMsgqs6I4Iui25cVrAXaIchk6ZtaCYZkoxQhz6JGxeKuPVR3Pk2ZtpZaOuBkI//P4ec/FHCmTae9+2U1tY3NrfK25Wd3b39qntw2NYyVYS2iORSdSOsKWeCtgwznHYTRXEccdqJJre533mkSjMpHsw0oUGMR4INGcHGSqFbzfpqLNE5yq/Qm4Vuzat780Kr4BdQg6KaofvVH0iSxlQYwrHWPd9LTJBhZRjhdFbpp5ommEzwiPYsChxTHWTzxWfo1CoDNJTKHmHQXP09keFY62kc2c4Ym7Fe9nLxP6+XmuF1kDGRpIYKsnhomHJkJMpTQAOmKDF8agETxeyuiIyxwsTYrCo2BH/5y6vQvqj7lu8va42bIo4yHMMJnIEPV9CAO2hCCwik8Ayv8OY8OS/Ou/OxaC05xcwR/Cnn8wfIFZKB</latexit><latexit sha1_base64="vQvawvPviajH9a9zQHfkZu7Hnyg=">AAAB+HicbZDLSgMxFIbP1Futl466dBMsgqs6I4Iui25cVrAXaIchk6ZtaCYZkoxQhz6JGxeKuPVR3Pk2ZtpZaOuBkI//P4ec/FHCmTae9+2U1tY3NrfK25Wd3b39qntw2NYyVYS2iORSdSOsKWeCtgwznHYTRXEccdqJJre533mkSjMpHsw0oUGMR4INGcHGSqFbzfpqLNE5yq/Qm4Vuzat780Kr4BdQg6KaofvVH0iSxlQYwrHWPd9LTJBhZRjhdFbpp5ommEzwiPYsChxTHWTzxWfo1CoDNJTKHmHQXP09keFY62kc2c4Ym7Fe9nLxP6+XmuF1kDGRpIYKsnhomHJkJMpTQAOmKDF8agETxeyuiIyxwsTYrCo2BH/5y6vQvqj7lu8va42bIo4yHMMJnIEPV9CAO2hCCwik8Ayv8OY8OS/Ou/OxaC05xcwR/Cnn8wfIFZKB</latexit>
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<latexit sha1_base64="uIrXrtZskplvCjnHdRmvZkqMHrI=">AAACCnicbVDLSsNAFJ34rPUVdelmtAh1UxIRdKFQcONCoYJpC0kIk8mkHTp5MDMRSmi3bvwVNy4UcesXuPNvnKZZaOuBgcM593DnHj9lVEjD+NYWFpeWV1Yra9X1jc2tbX1nty2SjGNi4YQlvOsjQRiNiSWpZKSbcoIin5GOP7ia+J0HwgVN4ns5TIkboV5MQ4qRVJKnH+SOH0LLc25UJkCjenppHI/HhWrfkrY78vSa0TAKwHlilqQGSrQ8/csJEpxFJJaYISFs00ilmyMuKWZkVHUyQVKEB6hHbEVjFBHh5sUpI3iklACGCVcvlrBQfydyFAkxjHw1GSHZF7PeRPzPszMZnrs5jdNMkhhPF4UZgzKBk15gQDnBkg0VQZhT9VeI+4gjLFV7VVWCOXvyPGmfNEzF705rzYuyjgrYB4egDkxwBprgGrSABTB4BM/gFbxpT9qL9q59TEcXtDKzB/5A+/wBwEGZog==</latexit><latexit sha1_base64="uIrXrtZskplvCjnHdRmvZkqMHrI=">AAACCnicbVDLSsNAFJ34rPUVdelmtAh1UxIRdKFQcONCoYJpC0kIk8mkHTp5MDMRSmi3bvwVNy4UcesXuPNvnKZZaOuBgcM593DnHj9lVEjD+NYWFpeWV1Yra9X1jc2tbX1nty2SjGNi4YQlvOsjQRiNiSWpZKSbcoIin5GOP7ia+J0HwgVN4ns5TIkboV5MQ4qRVJKnH+SOH0LLc25UJkCjenppHI/HhWrfkrY78vSa0TAKwHlilqQGSrQ8/csJEpxFJJaYISFs00ilmyMuKWZkVHUyQVKEB6hHbEVjFBHh5sUpI3iklACGCVcvlrBQfydyFAkxjHw1GSHZF7PeRPzPszMZnrs5jdNMkhhPF4UZgzKBk15gQDnBkg0VQZhT9VeI+4gjLFV7VVWCOXvyPGmfNEzF705rzYuyjgrYB4egDkxwBprgGrSABTB4BM/gFbxpT9qL9q59TEcXtDKzB/5A+/wBwEGZog==</latexit><latexit sha1_base64="uIrXrtZskplvCjnHdRmvZkqMHrI=">AAACCnicbVDLSsNAFJ34rPUVdelmtAh1UxIRdKFQcONCoYJpC0kIk8mkHTp5MDMRSmi3bvwVNy4UcesXuPNvnKZZaOuBgcM593DnHj9lVEjD+NYWFpeWV1Yra9X1jc2tbX1nty2SjGNi4YQlvOsjQRiNiSWpZKSbcoIin5GOP7ia+J0HwgVN4ns5TIkboV5MQ4qRVJKnH+SOH0LLc25UJkCjenppHI/HhWrfkrY78vSa0TAKwHlilqQGSrQ8/csJEpxFJJaYISFs00ilmyMuKWZkVHUyQVKEB6hHbEVjFBHh5sUpI3iklACGCVcvlrBQfydyFAkxjHw1GSHZF7PeRPzPszMZnrs5jdNMkhhPF4UZgzKBk15gQDnBkg0VQZhT9VeI+4gjLFV7VVWCOXvyPGmfNEzF705rzYuyjgrYB4egDkxwBprgGrSABTB4BM/gFbxpT9qL9q59TEcXtDKzB/5A+/wBwEGZog==</latexit><latexit sha1_base64="uIrXrtZskplvCjnHdRmvZkqMHrI=">AAACCnicbVDLSsNAFJ34rPUVdelmtAh1UxIRdKFQcONCoYJpC0kIk8mkHTp5MDMRSmi3bvwVNy4UcesXuPNvnKZZaOuBgcM593DnHj9lVEjD+NYWFpeWV1Yra9X1jc2tbX1nty2SjGNi4YQlvOsjQRiNiSWpZKSbcoIin5GOP7ia+J0HwgVN4ns5TIkboV5MQ4qRVJKnH+SOH0LLc25UJkCjenppHI/HhWrfkrY78vSa0TAKwHlilqQGSrQ8/csJEpxFJJaYISFs00ilmyMuKWZkVHUyQVKEB6hHbEVjFBHh5sUpI3iklACGCVcvlrBQfydyFAkxjHw1GSHZF7PeRPzPszMZnrs5jdNMkhhPF4UZgzKBk15gQDnBkg0VQZhT9VeI+4gjLFV7VVWCOXvyPGmfNEzF705rzYuyjgrYB4egDkxwBprgGrSABTB4BM/gFbxpT9qL9q59TEcXtDKzB/5A+/wBwEGZog==</latexit>

2+3 body interactions

H1 = �1.1, H2 = �0.3
<latexit sha1_base64="vWhS6IDD5weyEQ+NP1+hhj9HLf4=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuKjDpAq6EQpuuqxgL9AZhkyaaUMzF5KMUIau3Pgqblwo4tZncOfbmGlnoa0/BL785xyS8/sJZ1LZ9rdRWlldW98ob1a2tnd298z9g46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uPbvN59oEKyOLpXk4S6IR5GLGAEK2155nHm+AFsegjewHNkoZpTa3r1/GJbF1PPrNqWPRNcBlRAFRRqeeaXM4hJGtJIEY6l7CM7UW6GhWKE02nFSSVNMBnjIe1rjHBIpZvN1pjCU+0MYBALfSIFZ+7viQyHUk5CX3eGWI3kYi03/6v1UxVcuxmLklTRiMwfClIOVQzzTOCACUoUn2jARDD9V0hGWGCidHIVHQJaXHkZOnULab67rDbsIo4yOAIn4AwgcAUaoAlaoA0IeATP4BW8GU/Gi/FufMxbS0Yxcwj+yPj8AdjKlNE=</latexit><latexit sha1_base64="vWhS6IDD5weyEQ+NP1+hhj9HLf4=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuKjDpAq6EQpuuqxgL9AZhkyaaUMzF5KMUIau3Pgqblwo4tZncOfbmGlnoa0/BL785xyS8/sJZ1LZ9rdRWlldW98ob1a2tnd298z9g46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uPbvN59oEKyOLpXk4S6IR5GLGAEK2155nHm+AFsegjewHNkoZpTa3r1/GJbF1PPrNqWPRNcBlRAFRRqeeaXM4hJGtJIEY6l7CM7UW6GhWKE02nFSSVNMBnjIe1rjHBIpZvN1pjCU+0MYBALfSIFZ+7viQyHUk5CX3eGWI3kYi03/6v1UxVcuxmLklTRiMwfClIOVQzzTOCACUoUn2jARDD9V0hGWGCidHIVHQJaXHkZOnULab67rDbsIo4yOAIn4AwgcAUaoAlaoA0IeATP4BW8GU/Gi/FufMxbS0Yxcwj+yPj8AdjKlNE=</latexit><latexit sha1_base64="vWhS6IDD5weyEQ+NP1+hhj9HLf4=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuKjDpAq6EQpuuqxgL9AZhkyaaUMzF5KMUIau3Pgqblwo4tZncOfbmGlnoa0/BL785xyS8/sJZ1LZ9rdRWlldW98ob1a2tnd298z9g46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uPbvN59oEKyOLpXk4S6IR5GLGAEK2155nHm+AFsegjewHNkoZpTa3r1/GJbF1PPrNqWPRNcBlRAFRRqeeaXM4hJGtJIEY6l7CM7UW6GhWKE02nFSSVNMBnjIe1rjHBIpZvN1pjCU+0MYBALfSIFZ+7viQyHUk5CX3eGWI3kYi03/6v1UxVcuxmLklTRiMwfClIOVQzzTOCACUoUn2jARDD9V0hGWGCidHIVHQJaXHkZOnULab67rDbsIo4yOAIn4AwgcAUaoAlaoA0IeATP4BW8GU/Gi/FufMxbS0Yxcwj+yPj8AdjKlNE=</latexit><latexit sha1_base64="vWhS6IDD5weyEQ+NP1+hhj9HLf4=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuKjDpAq6EQpuuqxgL9AZhkyaaUMzF5KMUIau3Pgqblwo4tZncOfbmGlnoa0/BL785xyS8/sJZ1LZ9rdRWlldW98ob1a2tnd298z9g46MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uPbvN59oEKyOLpXk4S6IR5GLGAEK2155nHm+AFsegjewHNkoZpTa3r1/GJbF1PPrNqWPRNcBlRAFRRqeeaXM4hJGtJIEY6l7CM7UW6GhWKE02nFSSVNMBnjIe1rjHBIpZvN1pjCU+0MYBALfSIFZ+7viQyHUk5CX3eGWI3kYi03/6v1UxVcuxmLklTRiMwfClIOVQzzTOCACUoUn2jARDD9V0hGWGCidHIVHQJaXHkZOnULab67rDbsIo4yOAIn4AwgcAUaoAlaoA0IeATP4BW8GU/Gi/FufMxbS0Yxcwj+yPj8AdjKlNE=</latexit>

[f�2
⇡ ]

<latexit sha1_base64="ug8pQmI6rKhEweCw+7MN/o9axEI=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcGNJimCXBTcuK9gLJDFMppN26OTCzEQsIa/ixoUibn0Rd76N0zYLbf1h4OM/53DO/EHKmVSW9W1UNja3tnequ7W9/YPDI/O43pdJJgjtkYQnYhhgSTmLaU8xxekwFRRHAaeDYHozrw8eqZAsie/VLKVehMcxCxnBSlu+Wc/dIERO6Lspe8gvW4VX+GbDaloLoXWwS2hAqa5vfrmjhGQRjRXhWErHtlLl5VgoRjgtam4maYrJFI+pozHGEZVevri9QOfaGaEwEfrFCi3c3xM5jqScRYHujLCayNXa3Pyv5mQqbHs5i9NM0ZgsF4UZRypB8yDQiAlKFJ9pwEQwfSsiEywwUTqumg7BXv3yOvRbTVvz3VWj0y7jqMIpnMEF2HANHbiFLvSAwBM8wyu8GYXxYrwbH8vWilHOnMAfGZ8/YX6T+A==</latexit><latexit sha1_base64="ug8pQmI6rKhEweCw+7MN/o9axEI=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcGNJimCXBTcuK9gLJDFMppN26OTCzEQsIa/ixoUibn0Rd76N0zYLbf1h4OM/53DO/EHKmVSW9W1UNja3tnequ7W9/YPDI/O43pdJJgjtkYQnYhhgSTmLaU8xxekwFRRHAaeDYHozrw8eqZAsie/VLKVehMcxCxnBSlu+Wc/dIERO6Lspe8gvW4VX+GbDaloLoXWwS2hAqa5vfrmjhGQRjRXhWErHtlLl5VgoRjgtam4maYrJFI+pozHGEZVevri9QOfaGaEwEfrFCi3c3xM5jqScRYHujLCayNXa3Pyv5mQqbHs5i9NM0ZgsF4UZRypB8yDQiAlKFJ9pwEQwfSsiEywwUTqumg7BXv3yOvRbTVvz3VWj0y7jqMIpnMEF2HANHbiFLvSAwBM8wyu8GYXxYrwbH8vWilHOnMAfGZ8/YX6T+A==</latexit><latexit sha1_base64="ug8pQmI6rKhEweCw+7MN/o9axEI=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcGNJimCXBTcuK9gLJDFMppN26OTCzEQsIa/ixoUibn0Rd76N0zYLbf1h4OM/53DO/EHKmVSW9W1UNja3tnequ7W9/YPDI/O43pdJJgjtkYQnYhhgSTmLaU8xxekwFRRHAaeDYHozrw8eqZAsie/VLKVehMcxCxnBSlu+Wc/dIERO6Lspe8gvW4VX+GbDaloLoXWwS2hAqa5vfrmjhGQRjRXhWErHtlLl5VgoRjgtam4maYrJFI+pozHGEZVevri9QOfaGaEwEfrFCi3c3xM5jqScRYHujLCayNXa3Pyv5mQqbHs5i9NM0ZgsF4UZRypB8yDQiAlKFJ9pwEQwfSsiEywwUTqumg7BXv3yOvRbTVvz3VWj0y7jqMIpnMEF2HANHbiFLvSAwBM8wyu8GYXxYrwbH8vWilHOnMAfGZ8/YX6T+A==</latexit><latexit sha1_base64="ug8pQmI6rKhEweCw+7MN/o9axEI=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcGNJimCXBTcuK9gLJDFMppN26OTCzEQsIa/ixoUibn0Rd76N0zYLbf1h4OM/53DO/EHKmVSW9W1UNja3tnequ7W9/YPDI/O43pdJJgjtkYQnYhhgSTmLaU8xxekwFRRHAaeDYHozrw8eqZAsie/VLKVehMcxCxnBSlu+Wc/dIERO6Lspe8gvW4VX+GbDaloLoXWwS2hAqa5vfrmjhGQRjRXhWErHtlLl5VgoRjgtam4maYrJFI+pozHGEZVevri9QOfaGaEwEfrFCi3c3xM5jqScRYHujLCayNXa3Pyv5mQqbHs5i9NM0ZgsF4UZRypB8yDQiAlKFJ9pwEQwfSsiEywwUTqumg7BXv3yOvRbTVvz3VWj0y7jqMIpnMEF2HANHbiFLvSAwBM8wyu8GYXxYrwbH8vWilHOnMAfGZ8/YX6T+A==</latexit>

⇤
<latexit sha1_base64="ilfLxUB3DXpqoBxnlVg6gS2eOSc=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIYJcFNy5cVLAP6Awlk8m0oZlkTDKFMvQ73LhQxK0f486/MW1noa0HAodzzuXenDDlTBvX/XZKG5tb2zvl3cre/sHhUfX4pKNlpghtE8ml6oVYU84EbRtmOO2liuIk5LQbjm/nfndClWZSPJppSoMEDwWLGcHGSkHuhzHy720+wrNBtebW3QXQOvEKUoMCrUH1y48kyRIqDOFY677npibIsTKMcDqr+JmmKSZjPKR9SwVOqA7yxdEzdGGVCMVS2ScMWqi/J3KcaD1NQptMsBnpVW8u/uf1MxM3gpyJNDNUkOWiOOPISDRvAEVMUWL41BJMFLO3IjLCChNje6rYErzVL6+TzlXds/zhutZsFHWU4QzO4RI8uIEm3EEL2kDgCZ7hFd6cifPivDsfy2jJKWZO4Q+czx9eTpHL</latexit><latexit sha1_base64="ilfLxUB3DXpqoBxnlVg6gS2eOSc=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIYJcFNy5cVLAP6Awlk8m0oZlkTDKFMvQ73LhQxK0f486/MW1noa0HAodzzuXenDDlTBvX/XZKG5tb2zvl3cre/sHhUfX4pKNlpghtE8ml6oVYU84EbRtmOO2liuIk5LQbjm/nfndClWZSPJppSoMEDwWLGcHGSkHuhzHy720+wrNBtebW3QXQOvEKUoMCrUH1y48kyRIqDOFY677npibIsTKMcDqr+JmmKSZjPKR9SwVOqA7yxdEzdGGVCMVS2ScMWqi/J3KcaD1NQptMsBnpVW8u/uf1MxM3gpyJNDNUkOWiOOPISDRvAEVMUWL41BJMFLO3IjLCChNje6rYErzVL6+TzlXds/zhutZsFHWU4QzO4RI8uIEm3EEL2kDgCZ7hFd6cifPivDsfy2jJKWZO4Q+czx9eTpHL</latexit><latexit sha1_base64="ilfLxUB3DXpqoBxnlVg6gS2eOSc=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIYJcFNy5cVLAP6Awlk8m0oZlkTDKFMvQ73LhQxK0f486/MW1noa0HAodzzuXenDDlTBvX/XZKG5tb2zvl3cre/sHhUfX4pKNlpghtE8ml6oVYU84EbRtmOO2liuIk5LQbjm/nfndClWZSPJppSoMEDwWLGcHGSkHuhzHy720+wrNBtebW3QXQOvEKUoMCrUH1y48kyRIqDOFY677npibIsTKMcDqr+JmmKSZjPKR9SwVOqA7yxdEzdGGVCMVS2ScMWqi/J3KcaD1NQptMsBnpVW8u/uf1MxM3gpyJNDNUkOWiOOPISDRvAEVMUWL41BJMFLO3IjLCChNje6rYErzVL6+TzlXds/zhutZsFHWU4QzO4RI8uIEm3EEL2kDgCZ7hFd6cifPivDsfy2jJKWZO4Q+czx9eTpHL</latexit><latexit sha1_base64="ilfLxUB3DXpqoBxnlVg6gS2eOSc=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIYJcFNy5cVLAP6Awlk8m0oZlkTDKFMvQ73LhQxK0f486/MW1noa0HAodzzuXenDDlTBvX/XZKG5tb2zvl3cre/sHhUfX4pKNlpghtE8ml6oVYU84EbRtmOO2liuIk5LQbjm/nfndClWZSPJppSoMEDwWLGcHGSkHuhzHy720+wrNBtebW3QXQOvEKUoMCrUH1y48kyRIqDOFY677npibIsTKMcDqr+JmmKSZjPKR9SwVOqA7yxdEzdGGVCMVS2ScMWqi/J3KcaD1NQptMsBnpVW8u/uf1MxM3gpyJNDNUkOWiOOPISDRvAEVMUWL41BJMFLO3IjLCChNje6rYErzVL6+TzlXds/zhutZsFHWU4QzO4RI8uIEm3EEL2kDgCZ7hFd6cifPivDsfy2jJKWZO4Q+czx9eTpHL</latexit> in N=Z nuclear matter ⇤
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matter
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FIG. 1. Single particle potential of a ⇤ hyperon in neutron matter as a function of baryon density in units of normal nuclear
matter density, ⇢0 = 0.16 fm�3. Results of Brueckner calculations [7] using hyperon-nucleon interactions derived from chiral
SU(3) e↵ective field theory at NLO [4] and with inclusion of three-body ⇤NN interactions (NLO + 3BF) [6]. Also shown for
comparison is the ⇤ single particle potential produced with a phenomenological boson exchange ⇤N potential (NSC97f).
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FIG. 2. Neutron and ⇤ hyperon chemical potentials as functions of baryon density. The neutron chemical potential is normalized
such that it starts as µn = 0 at ⇢n = 0, so µ⇤ = M⇤ � Mn at this point. The horizontal scale extends up to the densities
characteristic of neutron star cores.

µ⇤ unless new, so far unknown higher-order mechanisms
emerge that would introduce a significant softening of U⇤

at high densities.
Consider next the possible appearance of ⌃ hyperons

in neutron star matter. In this case the ⌃�(1197) would
emerge from n+e� $ ⌃� through weak interaction. The
onset equilibrium condition for the chemical potentials is
µ⌃� = µ

n

+ µ
e

, and the electron chemical potential is in
turn related to the neutron and proton chemical poten-
tials through beta equilibrium: µ

e

= µ
n

� µ
p

. Following
steps analogous to the previous discussion the ⌃� chem-
ical potential at the onset point is given by:

µ⌃� = M⌃� + ReU⌃�(⇢
n

, ⇢
p

) . (7)

Here we are guided by the results for the density depen-

dence of U⌃ from a Brueckner calculation using the ⌃N
interaction derived from NLO chiral SU(3) e↵ective field
theory [5]. Note that the ⌃-nuclear single particle poten-
tial is complex, its imaginary part reflecting the possible
conversion ⌃N ! ⇤N in the nuclear medium. The equi-
librium condition (7) is written using the real part of the
potential.

The extrapolation of ReU⌃ to densities beyond 2 ⇢0 is
performed starting from the results of ref.[5], assuming
that the observed linear dependence of this repulsive po-
tential continues to higher densities. This is presumably
a conservative assumption. Three-body ⌃NN forces are
not yet included at this point.

The resulting chemical potential µ⌃� (for neutron mat-
ter) is shown in Figure 3 in comparison with µ

n

+ µ
e

for

µ⇤
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Hyperons in Neutron Stars ?
Onset condition for appearance of      hyperons in neutron stars :

Extrapolations using      single particle potential 
in neutron (star) matter from Chiral SU(3) EFT interactions

chemical  
potentials 

µ⇤ = µn

µi =
@E
@⇢i

PHYSIK
DEPARTMENT

PRELIMINARY

Further calculations in progress (D. Gerstung,  N. Kaiser,  W. W.  2018)
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⇤N+⇤NN
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Chiral SU(3) EFT + coupled channels dynamics
Construction of equivalent local and E-dependent potentials

Chiral SU(3) EFT + coupled channels dynamics

-nuclear clusters : weak binding, large widthsK�
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Appendix : 
some details

Baryon-Baryon Interactions 
from Chiral SU(3) EFT



Chiral                                  Effective Field Theory SU(3)L ⇥ SU(3)R

Interaction  Lagrangian: expand in powers of meson fields P(x) 
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Table 1
SU(3) relations for the various contact potentials in the isospin basis. C27

ξ etc. refers to the corresponding irreducible
SU(3) representation for a particular partial wave ξ . The actual potential still needs to be multiplied by pertinent powers
of the momenta p and p′.

Channel I V (ξ)

ξ = 1S0, 3P0, 3P1, 3P2 ξ = 3S1, 3S1–3D1, 1P1 ξ = 1P1–3P1

S = 0 NN → NN 0 – C10∗
ξ –

NN → NN 1 C27
ξ – –

S = −1 ΛN →ΛN 1
2

1
10 (9C27

ξ + C
8s
ξ ) 1

2 (C
8a
ξ + C10∗

ξ ) −1√
20

C
8s8a
ξ

ΛN →ΣN 1
2

3
10 (−C27

ξ + C
8s
ξ ) 1

2 (−C
8a
ξ + C10∗

ξ ) −3√
20

C
8s8a
ξ

ΣN →ΛN 1√
20

C
8s8a
ξ

ΣN →ΣN 1
2

1
10 (C27

ξ + 9C
8s
ξ ) 1

2 (C
8a
ξ + C10∗

ξ ) 3√
20

C
8s8a
ξ

ΣN →ΣN 3
2 C27

ξ C10
ξ –

singlet representation (C1) is present in the strangeness S = −2 channels with isospin I = 0 [45]
and there are four more LECs that contribute to the S = −2 sector at NLO [50].

2.2. Goldstone boson exchange

The one- and two-pseudoscalar-meson exchange potentials follow from the SU(3)-invariant
meson–baryon interaction Lagrangian

LMB = tr
(
B̄

(
iγ µDµ − M0

)
B

)
− D

2
tr
(
B̄γ µγ5{uµ,B}

)
− F

2
tr
(
B̄γ µγ5[uµ,B]

)
, (14)

with DµB = ∂µB + [Γµ,B], Γµ = 1
2 (u†∂µu + u∂µu†) and uµ = i(u†∂µu − u∂µu†), and where

the trace is taken in flavor space. The constant M0 denotes the baryon mass in the three-flavor
chiral limit. The coupling constants F and D satisfy the relation F + D = gA ≃ 1.26, where gA

is the axial-vector strength measured in neutron β-decay. The pseudoscalar mesons and octet
baryons are collected in traceless 3 × 3 matrices [51]

P =

⎛

⎜⎜⎝

π0√
2

+ η√
6

π+ K+

π− − π0√
2

+ η√
6

K0

K− K̄0 − 2η√
6

⎞

⎟⎟⎠ , B =

⎛

⎜⎝

Σ0√
2

+ Λ√
6

Σ+ p

Σ− −Σ0√
2

+ Λ√
6

n

−Ξ− Ξ0 − 2Λ√
6

⎞

⎟⎠ .

(15)

For the pseudoscalar mesons we use the usual non-linear realization of chiral symmetry with
U(x) = u2(x) = exp(i

√
2P(x)/f0), where f0 is the Goldstone boson decay constant in the chiral

limit. These fields transform under the chiral group SU(3)L × SU(3)R as U → RUL† and B →
KBK† with L ∈ SU(3)L, R ∈ SU(3)R and the SU(3) valued compensator field K = K(L,R,U),
cf. Ref. [52]. After an expansion of the interaction Lagrangian in powers of P one obtains from
the terms proportional to D and F the pseudovector coupling term

L1 = −
√

2
2f0

tr
(
DB̄γ µγ5{∂µP,B} + FB̄γ µγ5[∂µP,B]

)
, (16)

Author's personal copy

30 J. Haidenbauer et al. / Nuclear Physics A 915 (2013) 24–58

which leads to a vertex between two baryons and one meson. In the same way, the term involving
the chiral connection Γµ gives

L2 = 1

4f 2
0

tr
(
iB̄γ µ

[
[P, ∂µP ],B

])
, (17)

which describes a (Weinberg–Tomozawa) vertex between two baryons and two mesons.
Writing the pseudovector interaction Lagrangian L1 explicitly in the isospin basis, one gets

L1 = −fNNπ N̄γ µγ5τN · ∂µπ + ifΣΣπ Σ̄γ µγ5 × Σ · ∂µπ

− fΛΣπ

[
Λ̄γ µγ5Σ + Σ̄γ µγ5Λ

]
· ∂µπ − fΞΞπΞ̄γ µγ5τΞ · ∂µπ

− fΛNK

[
N̄γ µγ5Λ∂µK + h.c.

]
− fΞΛK

[
Ξ̄γ µγ5Λ∂µK̄ + h.c.

]

− fΣNK

[
N̄γ µγ5τ∂µK · Σ + h.c.

]
− fΣΞK

[
Ξ̄γ µγ5τ∂µK̄ · Σ + h.c.

]

− fNNη8N̄γ µγ5N∂µη − fΛΛη8Λ̄γ µγ5Λ∂µη

− fΣΣη8Σ̄ · γ µγ5Σ∂µη − fΞΞη8Ξ̄γ µγ5Ξ∂µη. (18)

Here, we have introduced the isospin doublets

N =
(

p

n

)
, Ξ =

(
Ξ0

Ξ−

)
, K =

(
K+

K0

)
, K̄ =

(
K̄0

−K−

)
. (19)

The signs have been chosen according to the conventions of Ref. [48], such that the inner product
of the isovector Σ (or π ) defined in spherical components reads

Σ · Σ =
∑

m

(−1)mΣmΣ−m = Σ+Σ− + Σ0Σ0 + Σ−Σ+. (20)

Since the original interaction Lagrangian in Eq. (16) is SU(3)-invariant, the various coupling
constants are related to each other by [48]

fNNπ = f, fNNη8 = 1√
3
(4α − 1)f, fΛNK = − 1√

3
(1 + 2α)f,

fΞΞπ = −(1 − 2α)f, fΞΞη8 = − 1√
3
(1 + 2α)f, fΞΛK = 1√

3
(4α − 1)f,

fΛΣπ = 2√
3
(1 − α)f, fΣΣη8 = 2√

3
(1 − α)f, fΣNK = (1 − 2α)f,

fΣΣπ = 2αf, fΛΛη8 = − 2√
3
(1 − α)f, fΞΣK = −f. (21)

Evidently, all coupling constants are given in terms of f ≡ gA/2f0 and the ratio α = F/(F +D).
The expression for the one-pseudoscalar-meson exchange potential is similar to the standard

one-pion-exchange potential [33]
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P

IB1B2→B3B4 . (22)

Here, mP is the mass of the exchanged pseudoscalar meson. In the present calculation we use
the physical masses mπ , mK , mη in Eq. (22). Thus, the explicit SU(3) breaking reflected in the
mass splitting between the pseudoscalar mesons is taken into account. The η meson is identified
with the octet-state η8. The isospin factors IB1B2→B3B4 are given in Table 2.
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Fig. 1. Relevant Feynman diagrams up-to-and-including next-to-leading order. Solid and dashed lines denote octet
baryons and pseudoscalar mesons, respectively. The square symbolizes a contact vertex with two derivatives. From left
to right: LO contact term, one-meson exchange, NLO contact term, planar box, crossed box, left triangle, right triangle,
football diagram.

2. Chiral potential at next-to-leading order

The derivation of chiral baryon–baryon potentials for the strangeness sector at LO using the
Weinberg power counting has been outlined in Refs. [21,44–46]. The NLO contributions for the
NN case are described in detail in Ref. [33], while the extension to baryon–baryon systems with
any combination of octet baryons has been worked out in Ref. [47]. The LO potential consists
of four-baryon contact terms without derivatives and of one-pseudoscalar-meson exchanges. At
NLO contact terms with two derivatives arise, together with loop contributions from (irreducible)
two-pseudoscalar-meson exchanges. The corresponding Feynman diagrams are shown in Fig. 1.

2.1. Contact terms

The spin dependence of the potentials due to leading order contact terms is given by [33]

V
(0)
BB→BB = CS + CT σ 1 · σ 2, (1)

where the parameters CS and CT are low-energy constants (LECs), depending on the considered
baryon–baryon channel, which need to be determined in a fit to data. At next-to-leading order
the spin and momentum dependence of the contact terms reads

V
(2)
BB→BB = C1q2 + C2k2 +

(
C3q2 + C4k2)σ 1 · σ 2 + i

2
C5(σ 1 + σ 2) · (q × k)

+ C6(q · σ 1)(q · σ 2) + C7(k · σ 1)(k · σ 2) + i
2
C8(σ 1 − σ 2) · (q × k), (2)

where Ci (i = 1, . . . ,8) are additional LECs. The transferred and average momenta, q and k,
are defined in terms of the final and initial center-of-mass momenta of the baryons, p′ and p, as
q = p′−p and k = (p′+p)/2. When performing a partial-wave projection, these terms contribute
to the two S-wave (1S0, 3S1) potentials, the four P -wave (1P1, 3P0, 3P1, 3P2) potentials, and
the 3S1–3D1 and 1P1–3P1 transition potentials in the following way [29]:

V
(1S0

)
= 4π(CS − 3CT ) + π(4C1 + C2 − 12C3 − 3C4 − 4C6 − C7)

(
p2 + p′ 2)

= C̃1S0
+ C1S0

(
p2 + p′ 2), (3)

V
(3S1
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= 4π(CS + CT ) + π

3
(12C1 + 3C2 + 12C3 + 3C4 + 4C6 + C7)

(
p2 + p′ 2)

= C̃3S1
+ C3S1

(
p2 + p′ 2), (4)

V
(1P1

)
= 2π

3
(−4C1 + C2 + 12C3 − 3C4 + 4C6 − C7)pp′ = C1P1

pp′, (5)

V
(3P1

)
= 2π

3
(−4C1 + C2 − 4C3 + C4 + 2C5 − 8C6 + 2C7)pp′ = C3P1

pp′, (6)
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SU(3) symmetry and contact terms
• poor database for YN interaction
• use SU(3) symmetric contact terms for reduction of LECs

( SU(3) breaking e�ects from mu,d ”= ms derived in [Petschauer, Kaiser, NPA916, 2013] )

• LO+NLO contact terms of NN interaction [Epelbaum, 2000]
generalized by SU(3) flavor symmetry

8 ¢ 8 = 27 ü 8s ü 1 ü 10 ü 10ú ü 8a

S Channel I V 1S0, 3P0, 3P1, 3P2 V 3S1, 3S1-3D1, 1P1 V 1P1æ3P1
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2 C27 C10 –

[Polinder, Haidenbauer, Meißner, NPA779, 2006] [Petschauer, Kaiser, NPA916, 2013]

• C8s 8a can be fixed from considering ⇤-nuclear spin-orbit force in medium
[Haidenbauer, Meißner, NPA936, 2015]
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Three-baryon force including decuplet baryons

3B Force with decuplet baryons
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SU(3) symmetry reduces number of independent constants
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