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Background

• Big questions: How has the Universe evolved over cosmic time? What are the 
fundamental components driving this evolution?
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Background

• The standard cosmological model: Λ Cold Dark Matter (ΛCDM)


• Big Bang picture of cosmic evolution


• Parameters:


• : matter density parameter


• : baryon density parameter


• : expansion rate (Hubble parameter)


•  (amplitude)


•  (tilt)

<latexit sha1_base64="mwwhUJsVM9eI8lNu2Qebk3o6LYE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRS1GVBBHdWsA9oQ5hMb9qhM0mYmSglFvwRNy4UceuXuPNvnLRdaOuBC4dz7mXOnCDhTGnH+bYKK6tr6xvFzdLW9s7unl3eb6k4lRSaNOax7AREAWcRNDXTHDqJBCICDu1gdJn77XuQisXRnR4n4AkyiFjIKNFG8u1y70bAgPg9QfRQikxMfLviVJ0p8DJx56SC5mj49levH9NUQKQpJ0p1XSfRXkakZpTDpNRLFSSEjsgAuoZGRIDysmn0CT42Sh+HsTQTaTxVf19kRCg1FoHZzBOqRS8X//O6qQ4vvIxFSaohorOHwpRjHeO8B9xnEqjmY0MIlcxkxXRIJKHatFUyJbiLX14mrdOqe1at3dYq9aunWR1FdIiO0Aly0Tmqo2vUQE1E0QN6Rq/ozXq0Xqx362O2WrDmFR6gP7A+fwDXdpTP</latexit>

⌦m

<latexit sha1_base64="ZVMoaNnrjaqr7NiMBUhEzwAahks=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRS1GVBBHdWsA9oQ5hMb9qhM0mYmSglFvwRNy4UceuXuPNvnLRdaOuBC4dz7mXOnCDhTGnH+bYKK6tr6xvFzdLW9s7unl3eb6k4lRSaNOax7AREAWcRNDXTHDqJBCICDu1gdJn77XuQisXRnR4n4AkyiFjIKNFG8u1y70bAgPg9QfRQiiyY+HbFqTpT4GXizkkFzdHw7a9eP6apgEhTTpTquk6ivYxIzSiHSamXKkgIHZEBdA2NiADlZdPoE3xslD4OY2km0niq/r7IiFBqLAKzmSdUi14u/ud1Ux1eeBmLklRDRGcPhSnHOsZ5D7jPJFDNx4YQKpnJiumQSEK1aatkSnAXv7xMWqdV96xau61V6ldPszqK6BAdoRPkonNUR9eogZqIogf0jF7Rm/VovVjv1sdstWDNKzxAf2B9/gDGv5TE</latexit>

⌦b

<latexit sha1_base64="001yUDoIJNSUAxPqI3TKXz/UUSs=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BETwmYB6QLGF20puMmZ1dZmaFsAS8e/GgiFc/yZt/4+Rx0MSChqKqm+6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaLSPJb3ZpygH9GB5CFn1FipPuwVS27ZnYGsEm9BSrBArVf86vZjlkYoDRNU647nJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYELzll1dJ86LsXZYr9Uqpevs0jyMPJ3AK5+DBFVThDmrQAAYIz/AKb86D8+K8Ox/z1pyziPAY/sD5/AH3zo14</latexit>

h

<latexit sha1_base64="7BBv99eXund4Dyz01kC6AySBMf4=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI8RPXiMYB6YLGF20kmGzM4uM71iWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa6FTADUiioo0AJrVgDCwMJzWB0PfWbj6CNiNQ9jmPwQzZQoi84Qys9XHU7CE+Ymkm3WHLL7gx0mXgZKZEMtW7xq9OLeBKCQi6ZMW3PjdFPmUbBJUwKncRAzPiIDaBtqWIhGD+dXTyhJ1bp0X6kbSmkM/X3RMpCY8ZhYDtDhkOz6E3F/7x2gv1LPxUqThAUny/qJ5JiRKfv057QwFGOLWFcC3sr5UOmGUcbUsGG4C2+vEwaZ2XvvFy5q5SqN1kceXJEjskp8cgFqZJbUiN1wokiz+SVvDnGeXHenY95a87JZg7JHzifP+RhkRU=</latexit>

As

<latexit sha1_base64="hqp4qiV956cGztRhu5FTY8my3o8=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNBDx4r2A9sQ9lsJ+3SzSbsTsQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0EoPqtdFeMLMTHrlilt1Z6DLxMtJheSo98pf3X7M0wgUcsmM6Xhugn7GNAouYVLqpgYSxkdsAB1LFYvA+Nns4gk9sUqfhrG2pZDO1N8TGYuMGUeB7YwYDs2iNxX/8zophld+JlSSIig+XxSmkmJMp+/TvtDAUY4tYVwLeyvlQ6YZRxtSyYbgLb68TJpnVe+ien53Xqnd5HEUyRE5JqfEI5ekRm5JnTQIJ4o8k1fy5hjnxXl3PuatBSefOSR/4Hz+ACo5kUI=</latexit>ns
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primordial density perturbations



Background

• LambdaCDM has been very successful, but is it complete?


• Open questions (extensions): 


• dark energy: E.o.S parameter is  or time-dependent (DESI 2025)? →  



• neutrinos have mass; what is the mass scale? →  


• additional relativistic species (effective number of neutrinos)? → 


• primordial perturbations: power spectrum exactly a power law? →  
(tilt of tilt)

<latexit sha1_base64="FpcbR2/j3BYtluLEeaT+unCBY/4=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBi2VXinoRCnrwWMF+QLuUbJptQ5PskmSVsvQvePGgiFf/kDf/jdl2D9r6YODx3gwz84KYM21c99sprKyurW8UN0tb2zu7e+X9g5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfgm89uPVGkWyQcziakv8FCykBFsMunp+szrlytu1Z0BLRMvJxXI0eiXv3qDiCSCSkM41rrrubHxU6wMI5xOS71E0xiTMR7SrqUSC6r9dHbrFJ1YZYDCSNmSBs3U3xMpFlpPRGA7BTYjvehl4n9eNzHhlZ8yGSeGSjJfFCYcmQhlj6MBU5QYPrEEE8XsrYiMsMLE2HhKNgRv8eVl0jqvehfV2n2tUr/N4yjCERzDKXhwCXW4gwY0gcAInuEV3hzhvDjvzse8teDkM4fwB87nD0QFjb8=</latexit>

w = →1
<latexit sha1_base64="dga7pFcnLD2lKWeJMvqcRg5jxfk=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARWsQyI0XdCAVduKxgH9AOw50004ZmHiQZS6ld+CtuXCji1t9w59+YtrPQ1gP3cjjnXnJzvJgzqSzr28gsLa+srmXXcxubW9s75u5eXUaJILRGIh6JpgeSchbSmmKK02YsKAQepw2vfz3xGw9USBaF92oYUyeAbsh8RkBpyTUPBgUo4is8cC18ojvggn0KRdfMWyVrCrxI7JTkUYqqa361OxFJAhoqwkHKlm3FyhmBUIxwOs61E0ljIH3o0pamIQRUOqPp/WN8rJUO9iOhK1R4qv7eGEEg5TDw9GQAqifnvYn4n9dKlH/pjFgYJ4qGZPaQn3CsIjwJA3eYoETxoSZABNO3YtIDAUTpyHI6BHv+y4ukflayz0vlu3K+cpPGkUWH6AgVkI0uUAXdoiqqIYIe0TN6RW/Gk/FivBsfs9GMke7soz8wPn8ARCOTEA==</latexit>

w(a) = w0 + wa(1→ a)

<latexit sha1_base64="TJcu2/e2YTgRtSt8hjrtSm0nHGM=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozIuqyIILLivYBnaFk0kwbmmSGPIQyFPwVblwo4tY/485/Y/pYaOuBwMc5N+TmxBln2vj+t1dYWV1b3yhulra2d3b3yvsHTZ1aRWiDpDxV7RhrypmkDcMMp+1MUSxiTlvx8HqStx6p0iyVD2aU0UjgvmQJI9g4KwzvWV9gJLqhtN1yxa/6U6FlCOZQgbnq3fJX2EuJFVQawrHWncDPTJRjZRjhdFwKraYZJkPcpx2HEguqo3y68xidOKeHklS5Iw2aur9v5FhoPRKxmxTYDPRiNjH/yzrWJFdRzmRmDZVk9lBiOTIpmhSAekxRYvjIASaKuV0RGWCFiXE1lVwJweKXl6F5Vg0uqud355XazdOsjiIcwTGcQgCXUINbqEMDCGTwDK/w5lnvxXv3PmajBW9e4SH8kff5A86zkfY=</latexit>

⌃m⌫

<latexit sha1_base64="gUUm2PyXqj69ZZLajnHTvMbTH78=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNBD56kgv2AppTNdtIu3WzC7kQsoX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmkODxzLW7YAZkEJBAwVKaCcaWBRIaAWj66nfegRtRKwecJxAN2IDJULBGVrJv+v5CE+YQRhOeuWKW3VnoMvEy0mF5Kj3yl9+P+ZpBAq5ZMZ0PDfBbsY0Ci5hUvJTAwnjIzaAjqWKRWC62ezmCT2xSp+GsbalkM7U3xMZi4wZR4HtjBgOzaI3Ff/zOimGV91MqCRFUHy+KEwlxZhOA6B9oYGjHFvCuBb2VsqHTDOONqaSDcFbfHmZNM+q3kX1/P68UrvJ4yiSI3JMTolHLkmN3JI6aRBOEvJMXsmbkzovzrvzMW8tOPnMIfkD5/MHaw6R9A==</latexit>

Ne!

<latexit sha1_base64="NyNqsFTyZRxfD8xQGrVlLebM5Lo=">AAACJnicbZDLSsNAFIYnXmu9RV26GSyCCymJFHVTKOjCZQV7gaaUyXTSDp1MwsyJWEKexo2v4sZFRcSdj+L0QtHWAwM/338OZ87vx4JrcJwva2V1bX1jM7eV397Z3du3Dw7rOkoUZTUaiUg1faKZ4JLVgINgzVgxEvqCNfzBzdhvPDKleSQfYBizdkh6kgecEjCoY5c9IuI+6XjAniDVGS5jL1CEplPQzbxzOTezOcWekHiQdeyCU3QmhZeFOxMFNKtqxx553YgmIZNABdG65ToxtFOigFPBsryXaBYTOiA91jJSkpDpdjo5M8OnhnRxECnzJOAJ/T2RklDrYeibzpBAXy96Y/if10oguG6nXMYJMEmni4JEYIjwODPc5YpREEMjCFXc/BXTPjEpgUk2b0JwF09eFvWLontZLN2XCpXbWRw5dIxO0Bly0RWqoDtURTVE0TN6RSP0br1Yb9aH9TltXbFmM0foT1nfP0Wgp4Y=</latexit>

ωs =
dns

d ln k
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Background

• LambdaCDM has been very successful, but is it complete?


• Open questions (extensions): 


• dark energy: E.o.S parameter is  or time-dependent (DESI 2025)? →  



• neutrinos have mass; what is the mass scale? →  


• additional relativistic species (effective number of neutrinos)? → 


• primordial perturbations: power spectrum exactly a power law? →  
(tilt of tilt)

<latexit sha1_base64="FpcbR2/j3BYtluLEeaT+unCBY/4=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBi2VXinoRCnrwWMF+QLuUbJptQ5PskmSVsvQvePGgiFf/kDf/jdl2D9r6YODx3gwz84KYM21c99sprKyurW8UN0tb2zu7e+X9g5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfgm89uPVGkWyQcziakv8FCykBFsMunp+szrlytu1Z0BLRMvJxXI0eiXv3qDiCSCSkM41rrrubHxU6wMI5xOS71E0xiTMR7SrqUSC6r9dHbrFJ1YZYDCSNmSBs3U3xMpFlpPRGA7BTYjvehl4n9eNzHhlZ8yGSeGSjJfFCYcmQhlj6MBU5QYPrEEE8XsrYiMsMLE2HhKNgRv8eVl0jqvehfV2n2tUr/N4yjCERzDKXhwCXW4gwY0gcAInuEV3hzhvDjvzse8teDkM4fwB87nD0QFjb8=</latexit>

w = →1
<latexit sha1_base64="dga7pFcnLD2lKWeJMvqcRg5jxfk=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARWsQyI0XdCAVduKxgH9AOw50004ZmHiQZS6ld+CtuXCji1t9w59+YtrPQ1gP3cjjnXnJzvJgzqSzr28gsLa+srmXXcxubW9s75u5eXUaJILRGIh6JpgeSchbSmmKK02YsKAQepw2vfz3xGw9USBaF92oYUyeAbsh8RkBpyTUPBgUo4is8cC18ojvggn0KRdfMWyVrCrxI7JTkUYqqa361OxFJAhoqwkHKlm3FyhmBUIxwOs61E0ljIH3o0pamIQRUOqPp/WN8rJUO9iOhK1R4qv7eGEEg5TDw9GQAqifnvYn4n9dKlH/pjFgYJ4qGZPaQn3CsIjwJA3eYoETxoSZABNO3YtIDAUTpyHI6BHv+y4ukflayz0vlu3K+cpPGkUWH6AgVkI0uUAXdoiqqIYIe0TN6RW/Gk/FivBsfs9GMke7soz8wPn8ARCOTEA==</latexit>

w(a) = w0 + wa(1→ a)

<latexit sha1_base64="TJcu2/e2YTgRtSt8hjrtSm0nHGM=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozIuqyIILLivYBnaFk0kwbmmSGPIQyFPwVblwo4tY/485/Y/pYaOuBwMc5N+TmxBln2vj+t1dYWV1b3yhulra2d3b3yvsHTZ1aRWiDpDxV7RhrypmkDcMMp+1MUSxiTlvx8HqStx6p0iyVD2aU0UjgvmQJI9g4KwzvWV9gJLqhtN1yxa/6U6FlCOZQgbnq3fJX2EuJFVQawrHWncDPTJRjZRjhdFwKraYZJkPcpx2HEguqo3y68xidOKeHklS5Iw2aur9v5FhoPRKxmxTYDPRiNjH/yzrWJFdRzmRmDZVk9lBiOTIpmhSAekxRYvjIASaKuV0RGWCFiXE1lVwJweKXl6F5Vg0uqud355XazdOsjiIcwTGcQgCXUINbqEMDCGTwDK/w5lnvxXv3PmajBW9e4SH8kff5A86zkfY=</latexit>

⌃m⌫

<latexit sha1_base64="gUUm2PyXqj69ZZLajnHTvMbTH78=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNBD56kgv2AppTNdtIu3WzC7kQsoX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmkODxzLW7YAZkEJBAwVKaCcaWBRIaAWj66nfegRtRKwecJxAN2IDJULBGVrJv+v5CE+YQRhOeuWKW3VnoMvEy0mF5Kj3yl9+P+ZpBAq5ZMZ0PDfBbsY0Ci5hUvJTAwnjIzaAjqWKRWC62ezmCT2xSp+GsbalkM7U3xMZi4wZR4HtjBgOzaI3Ff/zOimGV91MqCRFUHy+KEwlxZhOA6B9oYGjHFvCuBb2VsqHTDOONqaSDcFbfHmZNM+q3kX1/P68UrvJ4yiSI3JMTolHLkmN3JI6aRBOEvJMXsmbkzovzrvzMW8tOPnMIfkD5/MHaw6R9A==</latexit>

Ne!

<latexit sha1_base64="NyNqsFTyZRxfD8xQGrVlLebM5Lo=">AAACJnicbZDLSsNAFIYnXmu9RV26GSyCCymJFHVTKOjCZQV7gaaUyXTSDp1MwsyJWEKexo2v4sZFRcSdj+L0QtHWAwM/338OZ87vx4JrcJwva2V1bX1jM7eV397Z3du3Dw7rOkoUZTUaiUg1faKZ4JLVgINgzVgxEvqCNfzBzdhvPDKleSQfYBizdkh6kgecEjCoY5c9IuI+6XjAniDVGS5jL1CEplPQzbxzOTezOcWekHiQdeyCU3QmhZeFOxMFNKtqxx553YgmIZNABdG65ToxtFOigFPBsryXaBYTOiA91jJSkpDpdjo5M8OnhnRxECnzJOAJ/T2RklDrYeibzpBAXy96Y/if10oguG6nXMYJMEmni4JEYIjwODPc5YpREEMjCFXc/BXTPjEpgUk2b0JwF09eFvWLontZLN2XCpXbWRw5dIxO0Bly0RWqoDtURTVE0TN6RSP0br1Yb9aH9TltXbFmM0foT1nfP0Wgp4Y=</latexit>

ωs =
dns

d ln k

6

5 extra cosmological parameters:     <latexit sha1_base64="B1AgcBM+CzDN4l6UpGlUleEqtfg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHssHM0nQj+hQ8pAzaqx0/9R3++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5V9fLuslKr53EU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMNYo2t</latexit>w0
<latexit sha1_base64="I7kDCNHVVM5BItRmnhffUCdivFc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48V7Qe0oUy2m3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++5EpzWP5YCYJ8yMcSh5yisZK90997JcrbtWdg6wSLycVyNHol796g5imEZOGCtS667mJ8TNUhlPBpqVeqlmCdIxD1rVUYsS0n81PnZIzqwxIGCtb0pC5+nsiw0jrSRTYzgjNSC97M/E/r5ua8MbPuExSwyRdLApTQUxMZn+TAVeMGjGxBKni9lZCR6iQGptOyYbgLb+8SloXVe+qenl3WanV8ziKcAKncA4eXEMN6tCAJlAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AFXpo3e</latexit>wa

<latexit sha1_base64="TJcu2/e2YTgRtSt8hjrtSm0nHGM=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozIuqyIILLivYBnaFk0kwbmmSGPIQyFPwVblwo4tY/485/Y/pYaOuBwMc5N+TmxBln2vj+t1dYWV1b3yhulra2d3b3yvsHTZ1aRWiDpDxV7RhrypmkDcMMp+1MUSxiTlvx8HqStx6p0iyVD2aU0UjgvmQJI9g4KwzvWV9gJLqhtN1yxa/6U6FlCOZQgbnq3fJX2EuJFVQawrHWncDPTJRjZRjhdFwKraYZJkPcpx2HEguqo3y68xidOKeHklS5Iw2aur9v5FhoPRKxmxTYDPRiNjH/yzrWJFdRzmRmDZVk9lBiOTIpmhSAekxRYvjIASaKuV0RGWCFiXE1lVwJweKXl6F5Vg0uqud355XazdOsjiIcwTGcQgCXUINbqEMDCGTwDK/w5lnvxXv3PmajBW9e4SH8kff5A86zkfY=</latexit>

⌃m⌫
<latexit sha1_base64="gUUm2PyXqj69ZZLajnHTvMbTH78=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNBD56kgv2AppTNdtIu3WzC7kQsoX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmkODxzLW7YAZkEJBAwVKaCcaWBRIaAWj66nfegRtRKwecJxAN2IDJULBGVrJv+v5CE+YQRhOeuWKW3VnoMvEy0mF5Kj3yl9+P+ZpBAq5ZMZ0PDfBbsY0Ci5hUvJTAwnjIzaAjqWKRWC62ezmCT2xSp+GsbalkM7U3xMZi4wZR4HtjBgOzaI3Ff/zOimGV91MqCRFUHy+KEwlxZhOA6B9oYGjHFvCuBb2VsqHTDOONqaSDcFbfHmZNM+q3kX1/P68UrvJ4yiSI3JMTolHLkmN3JI6aRBOEvJMXsmbkzovzrvzMW8tOPnMIfkD5/MHaw6R9A==</latexit>

Ne!
<latexit sha1_base64="BszM1kgkeRDPVJYWqghc+iSGSC8=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBIvgqiRS1GXBTZcV7AOaECbTSTt0ZhJmJkqJ/RQ3LhRx65e482+ctllo64GBwzn3cs+cKGVUadf9tkobm1vbO+Xdyt7+weGRXT3uqiSTmHRwwhLZj5AijArS0VQz0k8lQTxipBdNbud+74FIRRNxr6cpCTgaCRpTjLSRQrvqI5aOUehzpMeS52oW2jW37i7grBOvIDUo0A7tL3+Y4IwToTFDSg08N9VBjqSmmJFZxc8USRGeoBEZGCoQJyrIF9FnzrlRhk6cSPOEdhbq740ccaWmPDKT84Rq1ZuL/3mDTMc3QU5Fmmki8PJQnDFHJ868B2dIJcGaTQ1BWFKT1cFjJBHWpq2KKcFb/fI66V7Wvat6465Ra7aKOspwCmdwAR5cQxNa0IYOYHiEZ3iFN+vJerHerY/laMkqdk7gD6zPH+kKlHU=</latexit>ωs



Background

• Cosmological surveys: the Roman Space Telescope, Euclid, LSST, CSST, 
DESI, DES, HSC, etc.

Roman Space Telescope
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Background

• Cosmological surveys: the Roman Space Telescope, Euclid, LSST, CSST, 
DESI, DES, HSC, etc.

 galaxies will be observed
<latexit sha1_base64="mnCm0vy1DxN9twdXNP0uFlRNch0=">AAAB8HicbVDJSgNBEK2JW4xb1KOXxiB4CjMiLreACB4jmEWSMfR0epImvQzdPUIYAv6DFw+KePVzvPk3dpaDJj4oeLxXRVW9KOHMWN//9nJLyyura/n1wsbm1vZOcXevblSqCa0RxZVuRthQziStWWY5bSaaYhFx2ogGV2O/8Ui1YUre2WFCQ4F7ksWMYOuk+7ZhAgX+w2WnWPLL/gRokQQzUoIZqp3iV7urSCqotIRjY1qBn9gww9oywumo0E4NTTAZ4B5tOSqxoCbMJgeP0JFTuihW2pW0aKL+nsiwMGYoItcpsO2beW8s/ue1UhtfhBmTSWqpJNNFccqRVWj8PeoyTYnlQ0cw0czdikgfa0ysy6jgQgjmX14k9ZNycFY+vT0tVa6fpnHk4QAO4RgCOIcK3EAVakBAwDO8wpunvRfv3fuYtua8WYT78Afe5w+0spAd</latexit>

⇠ 109

Roman Space Telescope
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Background

• Cosmological surveys: the Roman Space Telescope, Euclid, LSST, CSST, 
DESI, DES, HSC, etc.

 galaxies will be observed
<latexit sha1_base64="mnCm0vy1DxN9twdXNP0uFlRNch0=">AAAB8HicbVDJSgNBEK2JW4xb1KOXxiB4CjMiLreACB4jmEWSMfR0epImvQzdPUIYAv6DFw+KePVzvPk3dpaDJj4oeLxXRVW9KOHMWN//9nJLyyura/n1wsbm1vZOcXevblSqCa0RxZVuRthQziStWWY5bSaaYhFx2ogGV2O/8Ui1YUre2WFCQ4F7ksWMYOuk+7ZhAgX+w2WnWPLL/gRokQQzUoIZqp3iV7urSCqotIRjY1qBn9gww9oywumo0E4NTTAZ4B5tOSqxoCbMJgeP0JFTuihW2pW0aKL+nsiwMGYoItcpsO2beW8s/ue1UhtfhBmTSWqpJNNFccqRVWj8PeoyTYnlQ0cw0czdikgfa0ysy6jgQgjmX14k9ZNycFY+vT0tVa6fpnHk4QAO4RgCOIcK3EAVakBAwDO8wpunvRfv3fuYtua8WYT78Afe5w+0spAd</latexit>

⇠ 109

Summary statistics of large-scale 
matter distribution, e.g., the matter 
power spectrum

Roman Space Telescope
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Background

• The matter power spectrum: how "clumpy" the Universe is on different scales 
(Fourier transform of the two-point correlation function of the overdensity field)

<latexit sha1_base64="z7TDpRtOz5nyb7ylTun5DDnXQV4=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWARXIVEoza7gl24rGAf0IQymUzaoZMHMxOhpN34K25cKOLWz3Dn3zhpS1HRA8MczrmXe+/xU0aFNM1PbWl5ZXVtvbRR3tza3tnV9/ZbIsk4Jk2csIR3fCQIozFpSioZ6aScoMhnpO0Prwu/fU+4oEl8J0cp8SLUj2lIMZJK6umHY7dOmETQ9RMWiFGkvpxPxj29YhrnjmObF9AyzCmgaVQd27KdhVIBczR6+ocbJDiLSCwxQ0J0LTOVXo64pJiRSdnNBEkRHqI+6Soao4gIL58eMIEnSglgmHD1Ygmn6veOHEWi2E1VRkgOxG+vEP/yupkMq15O4zSTJMazQWHGoExgkQYMKCdYspEiCHOqdoV4gDjCUmVWViEsbv+ftM4M69Kwb+1KrT6PowSOwDE4BRa4AjVwAxqgCTCYgEfwDF60B+1Je9XeZqVL2rznAPyA9v4FyiSXOQ==</latexit>

|�r|

<latexit sha1_base64="2W5anRDsvvZEHFQi9N3tHSasdgk="></latexit>

k =
2⇡

|�r| ⇡ 0.048hMpc�1
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Background

• Cosmological inference: Bayesian methods

Y

X

Basic idea: an analogy, suppose we know Y=f(X)

<latexit sha1_base64="f/P857EC0KTpIUscfuhA1jn7wgk=">AAACRnicbVC7SgNBFL0b3/EVtbRZDIJpwq6I2giijWUEkwjJEmZn7+rg7IOZu2JY9+tsrO38BBsLRWydPASjHhg4c+453Jnjp1JocpxnqzQ1PTM7N79QXlxaXlmtrK23dJIpjk2eyERd+kyjFDE2SZDEy1Qhi3yJbf/mdDBv36LSIokvqJ+iF7GrWISCMzJSr+I1drqEd5RHSYCyuB9dAkasqB11Q8V4/u0Yivc/3bXJcK2Y9NaKXqXq1J0h7L/EHZMqjNHoVZ66QcKzCGPikmndcZ2UvJwpElxiUe5mGlPGb9gVdgyNWYTay4c1FPa2UQI7TJQ5MdlD9WciZ5HW/cg3zojRtf49G4j/zToZhYdeLuI0I4z5aFGYSZsSe9CpHQiFnGTfEMaVMG+1+TUz3ZFpvmxKcH9/+S9p7dbd/fre+V71+GRcxzxswhbsgAsHcAxn0IAmcHiAF3iDd+vRerU+rM+RtWSNMxswgRJ8ATbttI8=</latexit>

P (model|data) = P (data|model)P (model)

P (data)

model parameter

m
ea

su
re

m
en

t
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Background

• Cosmological inference: Bayesian methods

Y

X

Basic idea: an analogy, suppose we know Y=f(X)

data (observed)

model

<latexit sha1_base64="f/P857EC0KTpIUscfuhA1jn7wgk=">AAACRnicbVC7SgNBFL0b3/EVtbRZDIJpwq6I2giijWUEkwjJEmZn7+rg7IOZu2JY9+tsrO38BBsLRWydPASjHhg4c+453Jnjp1JocpxnqzQ1PTM7N79QXlxaXlmtrK23dJIpjk2eyERd+kyjFDE2SZDEy1Qhi3yJbf/mdDBv36LSIokvqJ+iF7GrWISCMzJSr+I1drqEd5RHSYCyuB9dAkasqB11Q8V4/u0Yivc/3bXJcK2Y9NaKXqXq1J0h7L/EHZMqjNHoVZ66QcKzCGPikmndcZ2UvJwpElxiUe5mGlPGb9gVdgyNWYTay4c1FPa2UQI7TJQ5MdlD9WciZ5HW/cg3zojRtf49G4j/zToZhYdeLuI0I4z5aFGYSZsSe9CpHQiFnGTfEMaVMG+1+TUz3ZFpvmxKcH9/+S9p7dbd/fre+V71+GRcxzxswhbsgAsHcAxn0IAmcHiAF3iDd+vRerU+rM+RtWSNMxswgRJ8ATbttI8=</latexit>

P (model|data) = P (data|model)P (model)

P (data)

model parameter

m
ea

su
re

m
en

t
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Background

• Cosmological inference: Bayesian methods

Y

X

Basic idea: an analogy, suppose we know Y=f(X)

data (observed)

model

In practice, X and Y can 
be vectors! 


And f may be complex!

How do we get the 
dependence f?

Focus

<latexit sha1_base64="f/P857EC0KTpIUscfuhA1jn7wgk=">AAACRnicbVC7SgNBFL0b3/EVtbRZDIJpwq6I2giijWUEkwjJEmZn7+rg7IOZu2JY9+tsrO38BBsLRWydPASjHhg4c+453Jnjp1JocpxnqzQ1PTM7N79QXlxaXlmtrK23dJIpjk2eyERd+kyjFDE2SZDEy1Qhi3yJbf/mdDBv36LSIokvqJ+iF7GrWISCMzJSr+I1drqEd5RHSYCyuB9dAkasqB11Q8V4/u0Yivc/3bXJcK2Y9NaKXqXq1J0h7L/EHZMqjNHoVZ66QcKzCGPikmndcZ2UvJwpElxiUe5mGlPGb9gVdgyNWYTay4c1FPa2UQI7TJQ5MdlD9WciZ5HW/cg3zojRtf49G4j/zToZhYdeLuI0I4z5aFGYSZsSe9CpHQiFnGTfEMaVMG+1+TUz3ZFpvmxKcH9/+S9p7dbd/fre+V71+GRcxzxswhbsgAsHcAxn0IAmcHiAF3iDd+vRerU+rM+RtWSNMxswgRJ8ATbttI8=</latexit>

P (model|data) = P (data|model)P (model)

P (data)

model parameter

m
ea

su
re

m
en

t
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Background

• Theoretical predictions: X (cosmological parameters)→ Y (matter power)

Y

X

using sims directly 

by N-body simulations

 sims required
<latexit sha1_base64="ZrhhoO+mkP58G6kMYrSyhlg0tvw=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZEqsuCCC4r2Ie0Y8mkmTY0yQxJRihDwX9w40IRt36OO//G9LHQ1gMXDufcy733hIngxnreN8qtrK6tb+Q3C1vbO7t7xf2DholTTVmdxiLWrZAYJrhidcutYK1EMyJDwZrh8GriNx+ZNjxWd3aUsECSvuIRp8Q66b5juMS+91DpFkte2ZsCLxN/TkowR61b/Or0YppKpiwVxJi27yU2yIi2nAo2LnRSwxJCh6TP2o4qIpkJsunBY3zilB6OYu1KWTxVf09kRBozkqHrlMQOzKI3Ef/z2qmNLoOMqyS1TNHZoigV2MZ48j3ucc2oFSNHCNXc3YrpgGhCrcuo4ELwF19eJo2zsl8pn9+el6rXT7M48nAEx3AKPlxAFW6gBnWgIOEZXuENafSC3tHHrDWH5hEewh+gzx+wJpAa</latexit>

⇠ 106

Too expensive!



Background

• Theoretical predictions: X (cosmological parameters)→ Y (matter power)

Y

X

Y

X

using sims directly 

by N-body simulations

 sims required
<latexit sha1_base64="ZrhhoO+mkP58G6kMYrSyhlg0tvw=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZEqsuCCC4r2Ie0Y8mkmTY0yQxJRihDwX9w40IRt36OO//G9LHQ1gMXDufcy733hIngxnreN8qtrK6tb+Q3C1vbO7t7xf2DholTTVmdxiLWrZAYJrhidcutYK1EMyJDwZrh8GriNx+ZNjxWd3aUsECSvuIRp8Q66b5juMS+91DpFkte2ZsCLxN/TkowR61b/Or0YppKpiwVxJi27yU2yIi2nAo2LnRSwxJCh6TP2o4qIpkJsunBY3zilB6OYu1KWTxVf09kRBozkqHrlMQOzKI3Ef/z2qmNLoOMqyS1TNHZoigV2MZ48j3ucc2oFSNHCNXc3YrpgGhCrcuo4ELwF19eJo2zsl8pn9+el6rXT7M48nAEx3AKPlxAFW6gBnWgIOEZXuENafSC3tHHrDWH5hEewh+gzx+wJpAa</latexit>

⇠ 106

Too expensive!

regression (supervised learning) 
emulation

 sims required
<latexit sha1_base64="srE4fVs+1d7HzejV6JCZ9gy676g=">AAAB8HicbVDLSgMxFL3xWeur6tJNsAiuykwp6rIggssK9iHtWDJppg1NMkOSEcpQ8B/cuFDErZ/jzr8xfSy09cCFwzn3cu89YSK4sZ73jVZW19Y3NnNb+e2d3b39wsFhw8SppqxOYxHrVkgME1yxuuVWsFaiGZGhYM1weDXxm49MGx6rOztKWCBJX/GIU2KddN8xXGLfeyh3C0Wv5E2Bl4k/J0WYo9YtfHV6MU0lU5YKYkzb9xIbZERbTgUb5zupYQmhQ9JnbUcVkcwE2fTgMT51Sg9HsXalLJ6qvycyIo0ZydB1SmIHZtGbiP957dRGl0HGVZJapuhsUZQKbGM8+R73uGbUipEjhGrubsV0QDSh1mWUdyH4iy8vk0a55J+XKreVYvX6aRZHDo7hBM7Ahwuowg3UoA4UJDzDK7whjV7QO/qYta6geYRH8Afo8weqFpAW</latexit>

⇠ 102

Feasible!



• Simulation-based emulation:

Background

data

Y

X

emulator
(regression model)

x

y

(of interest)

training



Background

• Emulators: percent-level accuracy, ΛCDM+ + 


• EuclidEmulator2 (Euclid 2020): 8D, ~127 simulations with  particles 
evolving in  volumes


• CSST emulator (Chen+2025): 8D, 129 simulations, similar fidelity


•  and  not included

<latexit sha1_base64="DE1oJoZOJsRFTT8HoiUZCwGLBk8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QLks2zbax2WRJspay9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEdokkkvVCbGmnAnaNMxw2kkUxXHIaTsc3c789hNVmknxYCYJ9WM8ECxiBBsrtcaBOw5wUK64VXcOtEq8nFQgRyMof/X6kqQxFYZwrHXXcxPjZ1gZRjidlnqppgkmIzygXUsFjqn2s/m1U3RmlT6KpLIlDJqrvycyHGs9iUPbGWMz1MveTPzP66YmuvYzJpLUUEEWi6KUIyPR7HXUZ4oSwyeWYKKYvRWRIVaYGBtQyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJhB4hGd4hTdHOi/Ou/OxaC04+cwx/IHz+QNWK478</latexit>w0wa

<latexit sha1_base64="TJcu2/e2YTgRtSt8hjrtSm0nHGM=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozIuqyIILLivYBnaFk0kwbmmSGPIQyFPwVblwo4tY/485/Y/pYaOuBwMc5N+TmxBln2vj+t1dYWV1b3yhulra2d3b3yvsHTZ1aRWiDpDxV7RhrypmkDcMMp+1MUSxiTlvx8HqStx6p0iyVD2aU0UjgvmQJI9g4KwzvWV9gJLqhtN1yxa/6U6FlCOZQgbnq3fJX2EuJFVQawrHWncDPTJRjZRjhdFwKraYZJkPcpx2HEguqo3y68xidOKeHklS5Iw2aur9v5FhoPRKxmxTYDPRiNjH/yzrWJFdRzmRmDZVk9lBiOTIpmhSAekxRYvjIASaKuV0RGWCFiXE1lVwJweKXl6F5Vg0uqud355XazdOsjiIcwTGcQgCXUINbqEMDCGTwDK/w5lnvxXv3PmajBW9e4SH8kff5A86zkfY=</latexit>

⌃m⌫

<latexit sha1_base64="TagDCoh9IbOYty7RzA6Ya3Og3Zw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU8lqUY8FPXisYD+gXUs2zbax2WRJskIp/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhuLMbfXm5ldW19I79Z2Nre2d0r7h80jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPh9dRvPjFtuJL3dpSwICZ9ySNOiXVS4xxj/HDeLZZwGc+AlomfkRJkqHWLX52eomnMpKWCGNP2cWKDMdGWU8EmhU5qWELokPRZ21FJYmaC8ezaCTpxSg9FSruSFs3U3xNjEhszikPXGRM7MIveVPzPa6c2ugrGXCapZZLOF0WpQFah6euoxzWjVowcIVRzdyuiA6IJtS6gggvBX3x5mTTOyv5FuXJXKVVvsjjycATHcAo+XEIVbqEGdaDwCM/wCm+e8l68d+9j3przsplD+APv8wfy5I4V</latexit>

30003
<latexit sha1_base64="kOzgXSaQNKEHvcj4RaaNv3JZn1U=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQxCBIm7GtRjQEGPEcwDsmuYncwmQ2YfzPSKYYm/4sWDIl79EG/+jZNkDxotaCiquunu8mLBFVjWl5FbWFxaXsmvFtbWNza3zO2dpooSSVmDRiKSbY8oJnjIGsBBsHYsGQk8wVre8GLit+6ZVDwKb2EUMzcg/ZD7nBLQUtcs2s5h2QH2AOlVTMdHg4O7k65ZsirWFPgvsTNSQhnqXfPT6UU0CVgIVBClOrYVg5sSCZwKNi44iWIxoUPSZx1NQxIw5abT48d4Xys97EdSVwh4qv6cSEmg1CjwdGdAYKDmvYn4n9dJwD93Ux7GCbCQzhb5icAQ4UkSuMcloyBGmhAqub4V0wGRhILOq6BDsOdf/kuaxxX7tFK9qZZql1kcebSL9lAZ2egM1dA1qqMGomiEntALejUejWfjzXifteaMbKaIfsH4+AYwI5PZ</latexit>

1 (Gpc/h)3

<latexit sha1_base64="gUUm2PyXqj69ZZLajnHTvMbTH78=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNBD56kgv2AppTNdtIu3WzC7kQsoX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmkODxzLW7YAZkEJBAwVKaCcaWBRIaAWj66nfegRtRKwecJxAN2IDJULBGVrJv+v5CE+YQRhOeuWKW3VnoMvEy0mF5Kj3yl9+P+ZpBAq5ZMZ0PDfBbsY0Ci5hUvJTAwnjIzaAjqWKRWC62ezmCT2xSp+GsbalkM7U3xMZi4wZR4HtjBgOzaI3Ff/zOimGV91MqCRFUHy+KEwlxZhOA6B9oYGjHFvCuBb2VsqHTDOONqaSDcFbfHmZNM+q3kX1/P68UrvJ4yiSI3JMTolHLkmN3JI6aRBOEvJMXsmbkzovzrvzMW8tOPnMIfkD5/MHaw6R9A==</latexit>

Ne!
<latexit sha1_base64="W766n5xql+xhwDQxw7rKGw/tcps=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmkqMuiG5cV7APaECbTSTt0JgkzE6XEfoobF4q49Uvc+TdO2iy09cDA4Zx7uWdOkHCmtON8W6W19Y3NrfJ2ZWd3b//Arh52VJxKQtsk5rHsBVhRziLa1kxz2kskxSLgtBtMbnK/+0ClYnF0r6cJ9QQeRSxkBGsj+XZ1gHkyxv5AYD2WIlMz3645dWcOtErcgtSgQMu3vwbDmKSCRppwrFTfdRLtZVhqRjidVQapogkmEzyifUMjLKjysnn0GTo1yhCFsTQv0miu/t7IsFBqKgIzmSdUy14u/uf1Ux1eeRmLklTTiCwOhSlHOkZ5D2jIJCWaTw3BRDKTFZExlpho01bFlOAuf3mVdM7r7kW9cdeoNa+LOspwDCdwBi5cQhNuoQVtIPAIz/AKb9aT9WK9Wx+L0ZJV7BzBH1ifP+c8lG8=</latexit>ωs
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Background

• Wider prior ranges for  and  might be needed (considering constraints 
from DESI 2025)

<latexit sha1_base64="Mbanv4ljVI80uGJ5yFgDKxOgwV0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E6WE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP7ZUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+ien53Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcLlI2n</latexit>w0
<latexit sha1_base64="xAZUUO6qp3S/4nwmU5b8I3ywFwI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUCbbTbt0swm7G6WE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVlDVoLGLVDlAzwSVrGG4EayeKYRQI1gpGN1O/9ciU5rF8MOOE+REOJA85RWOl+6ce9soVt+rOQJaJl5MK5Kj3yl/dfkzTiElDBWrd8dzE+Bkqw6lgk1I31SxBOsIB61gqMWLaz2anTsiJVfokjJUtachM/T2RYaT1OApsZ4RmqBe9qfif10lNeOVnXCapYZLOF4WpICYm079JnytGjRhbglRxeyuhQ1RIjU2nZEPwFl9eJs2zqndRPb87r9Su8ziKcATHcAoeXEINbqEODaAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QNV2I3Y</latexit>wa

18

We need new emulators (higher dimensions, broader priors)!

DESI BAO 2025



Background

• Our goal is difficult to achieve using traditional single-fidelity emulation 
techniques


• Traditional methods: 


• single-fidelity: simulations with the same accuracy (determined by box size 
and resolution)


• computationally expensive for high-dimensional parameter space (a large 
number of simulations required)


• e.g., EuclidEmulator2: 8D, ~127 simulations

19



Background

• Our goal is difficult to achieve using traditional single-fidelity emulation 
techniques


• Traditional methods: 


• single-fidelity: simulations with the same accuracy (determined by box size 
and resolution)


• computationally expensive for high-dimensional parameter space (a large 
number of simulations required)


• e.g., EuclidEmulator2: 8D, ~127 simulations


• We use MF-Box (Ho, Bird et al. 2023), a multifidelity emulation framework, to 
reduce the number of high-fidelity simulations

20



Cosmological Simulations: Goku (Yang, Bird et al. 2025)             Methods

• Multifidelity emulation: combines high-fidelity data with low-fidelity data in 
training


• a low-fidelity (fewer particles) simulation is much less expensive than a 
high-fidelity one, while still providing a fairly good prediction on certain 
scales


• low-fidelity predictions can be corrected using a few high-fidelity 
samples



Cosmological Simulations: Goku (Yang, Bird et al. 2025)             Methods

• MF-Box emulation: tree structure (Ho, Bird et al. 2023), two low-fidelity (LF) 
nodes (information sources) and one high-fidelity (HF) node
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Cosmological Simulations: Goku (Yang, Bird et al. 2025)             Methods

• MF-Box emulation: tree structure (Ho, Bird et al. 2023), two low-fidelity (LF) 
nodes (information sources) and one high-fidelity (HF) node

In our work: 
L1:  particles         
L1:  box
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• Cosmological parameters: 10-dimensional parameter space (unprecedented)


• Sufficiently large prior ranges for the extensions:


• Safely covers recent DESI constraints                                                       
(only Goku does!)
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Cosmological Simulations: Goku (Yang, Bird et al. 2025)             Methods

• Perform simulations with MP-
Gadget (Feng, Bird et al. 2018)


• Goku: 1128 LF, 36 HF



Cosmological Simulations: Goku (Yang, Bird et al. 2025)             Methods

• computational expense ~260,000 node-hours (Frontera, TACC)


• ~16x more efficient than a single-fidelity counterpart

94% reduction!
a few months in practice

(many years!)



Cosmological Simulations: Goku (Yang, Bird et al. 2025)            

• Emulation using Gaussian process regression (MF-Box)?


• Computational complexity scales poorly with sample size:



Cosmological Simulations: Goku (Yang, Bird et al. 2025)            

• Emulation using Gaussian process regression (MF-Box)?


• Computational complexity scales poorly with sample size:

slow in training and inference time!

We next explore neural-network (NN) approaches



Multifidelity Emulation Framework: T2N-MusE (Yang, Bird et al. 2026a) 

• We developed the "Triple 2" Neural network Multifidelity cosmological 
Emulation framework, with


• a 2-step multifidelity architecture

30



Multifidelity Emulation Framework: T2N-MusE (Yang, Bird et al. 2026a) 

• We developed the "Triple 2" Neural network Multifidelity cosmological 
Emulation framework, with


• a 2-step multifidelity architecture


• a 2-stage hyperparameter optimization strategy


• a 2-phase k-fold training and validation technique

31

technical details...



Neural network emulator: GokuNEmu (Yang, Bird et al. 2026b)

• build the neural-network emulator

32

Goku

T2N-MusE

GokuNEmu



• Generalization accuracy


• Leave-one-out cross-validation


• Percent-level error, sufficient for 
future analyses

Neural network emulator: GokuNEmu (Yang, Bird et al. 2026b)
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Neural network emulator: GokuNEmu (Yang, Bird et al. 2026b)

• redshift and scale ranges:


•  (34 redshift bins; negligible interpolation error)


•
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0.006 < k/(hMpc→1) < 10
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Neural network emulator: GokuNEmu

• Fastest evaluation: orders of magnitude faster in making predictions than 
some others


• GokuNEmu: a few ms (per evaluation)
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Table from Tanaka+2026



Neural network emulator: GokuNEmu

• Fastest evaluation: orders of magnitude faster in making predictions than 
some others


• GokuNEmu: a few ms (per evaluation)
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Future Work

• Applying GokuNEmu to weak-lensing analyses (cosmic shear, or 3x2pt)


• Goku simulations --> mock weak-lensing maps (including non-Gaussian 
info)


• Predicting the halo mass function and galaxy correlation function (Sum 
Qezlou at UT Austin)
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Summary
• Goku simulation suite: flat ΛCDM+ + + +  (10D)


• T2N-MusE: a novel NN framework for MF cosmological emulation 


• GokuNEmu: a uniquely powerful emulator for the nonlinear matter power spectrum 
(will be useful for Euclid, Roman etc.):


• unprecedentedly high-dimensional 

• broad prior ranges for  and  (the only emulator that allows tests on recent DESI 
constraints)


• fastest in runtime (~2–3 ms per evaluation)


• Publications: i. Yang+2025 (PRD), arXiv:2501.06296; ii. Yang+2026a (PRD), arXiv:2507.07184; iii. 
Yang+2026b (PRL), arXiv:2507.07177.


• Future: data analysis, WL maps and other summary statistics
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