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Why Going Nonlinear?

linear

nonlinear1%
Precision of future  
LSS measurements

Heymans & Zhao 2018
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A Cosmologist’s Wish List

Fast 
Accurate 
Flexible

Predictions…

MG/DE, DM, mν, Neff…
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The Best Of Three Worlds
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Perturbation 
Theory
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Halo Model Reactions

ΛCDM linear growth  
&  

ICs adjusted to match the Plin(k,z0) of 
the non-standard(*) real cosmology

1) Pseudo cosmology

(*) non-standard = anything that is not a [flat + massless neutrino + ΛCDM] universe
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Halo Model Reactions
1) Pseudo cosmology

10-4 1 10
k [hMpc�1]

<latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit>

P
L
(k
)

<latexit sha1_base64="vNrYcGAB9Ow6UVqQ08nIF3cmvpY=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoMQm3AXBS2DNhYWEcwH5I6wt9lLluzuHbt7QjjyN2wsFLH1z9j5b9wkV2jig4HHezPMzAsTzrRx3W+nsLa+sblV3C7t7O7tH5QPj9o6ThWhLRLzWHVDrClnkrYMM5x2E0WxCDnthOPbmd95okqzWD6aSUIDgYeSRYxgYyW/2c98JdD9tDo+75crbs2dA60SLycVyNHsl7/8QUxSQaUhHGvd89zEBBlWhhFOpyU/1TTBZIyHtGepxILqIJvfPEVnVhmgKFa2pEFz9fdEhoXWExHaToHNSC97M/E/r5ea6DrImExSQyVZLIpSjkyMZgGgAVOUGD6xBBPF7K2IjLDCxNiYSjYEb/nlVdKu17yLWv3hstK4yeMowgmcQhU8uIIG3EETWkAggWd4hTcndV6cd+dj0Vpw8plj+APn8wf/eZEA</latexit>

10-3 10-2 10-1

z = 100
<latexit sha1_base64="leW48X5lHRC8HPS6KevJdc1dcsU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXisYNpCG8pmO2mXbjZhdyPU0t/gxYMiXv1B3vw3btsctPXBwOO9GWbmhang2rjut7Oyura+sVnYKm7v7O7tlw4OGzrJFEOfJSJRrZBqFFyib7gR2EoV0jgU2AyHt1O/+YhK80Q+mFGKQUz7kkecUWMl/+nac91uqexW3BnIMvFyUoYc9W7pq9NLWBajNExQrduem5pgTJXhTOCk2Mk0ppQNaR/blkoaow7Gs2Mn5NQqPRIlypY0ZKb+nhjTWOtRHNrOmJqBXvSm4n9eOzPRVTDmMs0MSjZfFGWCmIRMPyc9rpAZMbKEMsXtrYQNqKLM2HyKNgRv8eVl0qhWvPNK9f6iXLvJ4yjAMZzAGXhwCTW4gzr4wIDDM7zCmyOdF+fd+Zi3rjj5zBH8gfP5A7myjfg=</latexit>

real

pseudo
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Halo Model Reactions
1) Pseudo cosmology

10-4 1 10
k [hMpc�1]

<latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit>

P
L
(k
)

<latexit sha1_base64="vNrYcGAB9Ow6UVqQ08nIF3cmvpY=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoMQm3AXBS2DNhYWEcwH5I6wt9lLluzuHbt7QjjyN2wsFLH1z9j5b9wkV2jig4HHezPMzAsTzrRx3W+nsLa+sblV3C7t7O7tH5QPj9o6ThWhLRLzWHVDrClnkrYMM5x2E0WxCDnthOPbmd95okqzWD6aSUIDgYeSRYxgYyW/2c98JdD9tDo+75crbs2dA60SLycVyNHsl7/8QUxSQaUhHGvd89zEBBlWhhFOpyU/1TTBZIyHtGepxILqIJvfPEVnVhmgKFa2pEFz9fdEhoXWExHaToHNSC97M/E/r5ea6DrImExSQyVZLIpSjkyMZgGgAVOUGD6xBBPF7K2IjLDCxNiYSjYEb/nlVdKu17yLWv3hstK4yeMowgmcQhU8uIIG3EETWkAggWd4hTcndV6cd+dj0Vpw8plj+APn8wf/eZEA</latexit>

10-3 10-2 10-1

real

pseudo z = 1
<latexit sha1_base64="+rk22OWGtn7MUxU/3YhiRZt1+4c=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHiOYByRJmJ51kyOzsMjMrxCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwupn6zUdUmkfywYxj9EM6kLzPGTVWun+68rrFklt2ZyDLxMtICTLUusWvTi9iSYjSMEG1bntubPyUKsOZwEmhk2iMKRvRAbYtlTRE7aezUyfkxCo90o+ULWnITP09kdJQ63EY2M6QmqFe9Kbif147Mf1LP+UyTgxKNl/UTwQxEZn+TXpcITNibAllittbCRtSRZmx6RRsCN7iy8ukUSl7Z+XK3Xmpep3FkYcjOIZT8OACqnALNagDgwE8wyu8OcJ5cd6dj3lrzslmDuEPnM8f3FGNhA==</latexit>
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Halo Model Reactions
1) Pseudo cosmology

10-4 1 10
k [hMpc�1]

<latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit>

P
L
(k
)

<latexit sha1_base64="vNrYcGAB9Ow6UVqQ08nIF3cmvpY=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoMQm3AXBS2DNhYWEcwH5I6wt9lLluzuHbt7QjjyN2wsFLH1z9j5b9wkV2jig4HHezPMzAsTzrRx3W+nsLa+sblV3C7t7O7tH5QPj9o6ThWhLRLzWHVDrClnkrYMM5x2E0WxCDnthOPbmd95okqzWD6aSUIDgYeSRYxgYyW/2c98JdD9tDo+75crbs2dA60SLycVyNHsl7/8QUxSQaUhHGvd89zEBBlWhhFOpyU/1TTBZIyHtGepxILqIJvfPEVnVhmgKFa2pEFz9fdEhoXWExHaToHNSC97M/E/r5ea6DrImExSQyVZLIpSjkyMZgGgAVOUGD6xBBPF7K2IjLDCxNiYSjYEb/nlVdKu17yLWv3hstK4yeMowgmcQhU8uIIG3EETWkAggWd4hTcndV6cd+dj0Vpw8plj+APn8wf/eZEA</latexit>

10-3 10-2 10-1

real ≡ pseudo

z = 0
<latexit sha1_base64="XB71XkCsRC9heeHQYgUOF2a0xwQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHiOYByRJmJ51kyOzsMjMrxCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwupn6zUdUmkfywYxj9EM6kLzPGTVWun+6crvFklt2ZyDLxMtICTLUusWvTi9iSYjSMEG1bntubPyUKsOZwEmhk2iMKRvRAbYtlTRE7aezUyfkxCo90o+ULWnITP09kdJQ63EY2M6QmqFe9Kbif147Mf1LP+UyTgxKNl/UTwQxEZn+TXpcITNibAllittbCRtSRZmx6RRsCN7iy8ukUSl7Z+XK3Xmpep3FkYcjOIZT8OACqnALNagDgwE8wyu8OcJ5cd6dj3lrzslmDuEPnM8f2s2Ngw==</latexit>
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Halo Model Reactions
2) Reaction

0.01 0.1 1 10
k [hMpc�1]

<latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit>

R
(k
,z
)

<latexit sha1_base64="eJhBD0xIP2Ng59fyfi4RVunhWQE=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUpSBF24KLhxWcU+oA1lMp20QyeTMDMp1NA/ceNCEbf+iTv/xkmbhbYeGDiccy/3zPFjzpR2nG+rsLa+sblV3C7t7O7tH9iHRy0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++PbzG9PqFQsEo96GlMvxEPBAkawNlLftnsh1iOCefowq4wvns77dtmpOnOgVeLmpAw5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnSefoTOjDFAQSfOERnP190aKQ6WmoW8ms5xq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpqQAMmKdF8aggmkpmsiIywxESbskqmBHf5y6ukVau6TtW9vyzXb/I6inACp1ABF66gDnfQgCYQmMAzvMKblVov1rv1sRgtWPnOMfyB9fkD6v2TJw==</latexit><latexit sha1_base64="eJhBD0xIP2Ng59fyfi4RVunhWQE=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUpSBF24KLhxWcU+oA1lMp20QyeTMDMp1NA/ceNCEbf+iTv/xkmbhbYeGDiccy/3zPFjzpR2nG+rsLa+sblV3C7t7O7tH9iHRy0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++PbzG9PqFQsEo96GlMvxEPBAkawNlLftnsh1iOCefowq4wvns77dtmpOnOgVeLmpAw5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnSefoTOjDFAQSfOERnP190aKQ6WmoW8ms5xq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpqQAMmKdF8aggmkpmsiIywxESbskqmBHf5y6ukVau6TtW9vyzXb/I6inACp1ABF66gDnfQgCYQmMAzvMKblVov1rv1sRgtWPnOMfyB9fkD6v2TJw==</latexit><latexit sha1_base64="eJhBD0xIP2Ng59fyfi4RVunhWQE=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUpSBF24KLhxWcU+oA1lMp20QyeTMDMp1NA/ceNCEbf+iTv/xkmbhbYeGDiccy/3zPFjzpR2nG+rsLa+sblV3C7t7O7tH9iHRy0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++PbzG9PqFQsEo96GlMvxEPBAkawNlLftnsh1iOCefowq4wvns77dtmpOnOgVeLmpAw5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnSefoTOjDFAQSfOERnP190aKQ6WmoW8ms5xq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpqQAMmKdF8aggmkpmsiIywxESbskqmBHf5y6ukVau6TtW9vyzXb/I6inACp1ABF66gDnfQgCYQmMAzvMKblVov1rv1sRgtWPnOMfyB9fkD6v2TJw==</latexit><latexit sha1_base64="eJhBD0xIP2Ng59fyfi4RVunhWQE=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUpSBF24KLhxWcU+oA1lMp20QyeTMDMp1NA/ceNCEbf+iTv/xkmbhbYeGDiccy/3zPFjzpR2nG+rsLa+sblV3C7t7O7tH9iHRy0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++PbzG9PqFQsEo96GlMvxEPBAkawNlLftnsh1iOCefowq4wvns77dtmpOnOgVeLmpAw5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnSefoTOjDFAQSfOERnP190aKQ6WmoW8ms5xq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpqQAMmKdF8aggmkpmsiIywxESbskqmBHf5y6ukVau6TtW9vyzXb/I6inACp1ABF66gDnfQgCYQmMAzvMKblVov1rv1sRgtWPnOMfyB9fkD6v2TJw==</latexit>

1

0.9

P real
1h (k, z)

P pseudo
1h (k, z)

<latexit sha1_base64="piAfj4ftNQPDqMn46QzW4qn4UY4="></latexit>

E ⌘ P real
1h (k ! 0)

P pseudo
1h (k ! 0)

<latexit sha1_base64="cUH9Nh7oPfces//67e0UirXHRqs="></latexit>

RHM(k0|k?) = RSPT(k0)
<latexit sha1_base64="2DSmsAkcwz6wMCg9hlQF021jlXA="></latexit>

R(k, z) ⌘ P real
NL (k, z)

P pseudo
NL (k, z)

=
[(1� E)e�k/k? + E ]P real

L (k, z) + P real
1h (k, z)

P real
L (k, z) + P pseudo

1h (k, z)
<latexit sha1_base64="Aq+Aq4OYfhfn0W88qsIcD9KwlVc="></latexit>

(1� E)e�k/k? + E
<latexit sha1_base64="iCQqR+YSk8Fv276LBy1K7Lvatj0="></latexit>
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<latexit sha1_base64="Kfv6ztCNv9uVmUDMtlk3PrSbsrU=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREBD14KHjxIFLBfkAbwma7aZfuJmF3I7Shv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLEs6Udpxva2V1bX1js7BV3N7Z3SvZ+wdNFaeS0AaJeSzbAVaUs4g2NNOcthNJsQg4bQXDm6nfeqJSsTh61KOEegL3IxYygrWRfLtU97OuFOj+blIZno1PfbvsVJ0Z0DJxc1KGHHXf/ur2YpIKGmnCsVId10m0l2GpGeF0UuymiiaYDHGfdgyNsKDKy2aHT9CJUXoojKWpSKOZ+nsiw0KpkQhMp8B6oBa9qfif10l1eOVlLEpSTSMyXxSmHOkYTVNAPSYp0XxkCCaSmVsRGWCJiTZZFU0I7uLLy6R5XnWdqvtwUa5d53EU4AiOoQIuXEINbqEODSCQwjO8wps1tl6sd+tj3rpi5TOH8AfW5w9iPpI5</latexit><latexit sha1_base64="Kfv6ztCNv9uVmUDMtlk3PrSbsrU=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREBD14KHjxIFLBfkAbwma7aZfuJmF3I7Shv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLEs6Udpxva2V1bX1js7BV3N7Z3SvZ+wdNFaeS0AaJeSzbAVaUs4g2NNOcthNJsQg4bQXDm6nfeqJSsTh61KOEegL3IxYygrWRfLtU97OuFOj+blIZno1PfbvsVJ0Z0DJxc1KGHHXf/ur2YpIKGmnCsVId10m0l2GpGeF0UuymiiaYDHGfdgyNsKDKy2aHT9CJUXoojKWpSKOZ+nsiw0KpkQhMp8B6oBa9qfif10l1eOVlLEpSTSMyXxSmHOkYTVNAPSYp0XxkCCaSmVsRGWCJiTZZFU0I7uLLy6R5XnWdqvtwUa5d53EU4AiOoQIuXEINbqEODSCQwjO8wps1tl6sd+tj3rpi5TOH8AfW5w9iPpI5</latexit><latexit sha1_base64="Kfv6ztCNv9uVmUDMtlk3PrSbsrU=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREBD14KHjxIFLBfkAbwma7aZfuJmF3I7Shv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLEs6Udpxva2V1bX1js7BV3N7Z3SvZ+wdNFaeS0AaJeSzbAVaUs4g2NNOcthNJsQg4bQXDm6nfeqJSsTh61KOEegL3IxYygrWRfLtU97OuFOj+blIZno1PfbvsVJ0Z0DJxc1KGHHXf/ur2YpIKGmnCsVId10m0l2GpGeF0UuymiiaYDHGfdgyNsKDKy2aHT9CJUXoojKWpSKOZ+nsiw0KpkQhMp8B6oBa9qfif10l1eOVlLEpSTSMyXxSmHOkYTVNAPSYp0XxkCCaSmVsRGWCJiTZZFU0I7uLLy6R5XnWdqvtwUa5d53EU4AiOoQIuXEINbqEODSCQwjO8wps1tl6sd+tj3rpi5TOH8AfW5w9iPpI5</latexit><latexit sha1_base64="Kfv6ztCNv9uVmUDMtlk3PrSbsrU=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREBD14KHjxIFLBfkAbwma7aZfuJmF3I7Shv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLEs6Udpxva2V1bX1js7BV3N7Z3SvZ+wdNFaeS0AaJeSzbAVaUs4g2NNOcthNJsQg4bQXDm6nfeqJSsTh61KOEegL3IxYygrWRfLtU97OuFOj+blIZno1PfbvsVJ0Z0DJxc1KGHHXf/ur2YpIKGmnCsVId10m0l2GpGeF0UuymiiaYDHGfdgyNsKDKy2aHT9CJUXoojKWpSKOZ+nsiw0KpkQhMp8B6oBa9qfif10l1eOVlLEpSTSMyXxSmHOkYTVNAPSYp0XxkCCaSmVsRGWCJiTZZFU0I7uLLy6R5XnWdqvtwUa5d53EU4AiOoQIuXEINbqEODSCQwjO8wps1tl6sd+tj3rpi5TOH8AfW5w9iPpI5</latexit>

P pseudo
NL

<latexit sha1_base64="Cjql57tYbX25JzAOgGso5jjfIMc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiQi6cFFw40Kkgr1AG8NkMmmHzmTCzEQoIRtfxY0LRdz6GO58G6dpFtr6w8DHf87hzPmDhFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkCKMxqStqWakl0iCeMBINxhfTevdRyIVFfG9niTE42gY04hipI3l2wctPxtIDm9v8ocCEkXSUOS+XXcaTiG4CG4JdVCq5dtfg1DglJNYY4aU6rtOor0MSU0xI3ltkCqSIDxGQ9I3GCNOlJcVB+Tw2DghjIQ0L9awcH9PZIgrNeGB6eRIj9R8bWr+V+unOrrwMhonqSYxni2KUga1gNM0YEglwZpNDCAsqfkrxCMkEdYms5oJwZ0/eRE6pw3Xabh3Z/XmZRlHFRyCI3ACXHAOmuAatEAbYJCDZ/AK3qwn68V6tz5mrRWrnNkHf2R9/gCinJZo</latexit><latexit sha1_base64="Cjql57tYbX25JzAOgGso5jjfIMc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiQi6cFFw40Kkgr1AG8NkMmmHzmTCzEQoIRtfxY0LRdz6GO58G6dpFtr6w8DHf87hzPmDhFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkCKMxqStqWakl0iCeMBINxhfTevdRyIVFfG9niTE42gY04hipI3l2wctPxtIDm9v8ocCEkXSUOS+XXcaTiG4CG4JdVCq5dtfg1DglJNYY4aU6rtOor0MSU0xI3ltkCqSIDxGQ9I3GCNOlJcVB+Tw2DghjIQ0L9awcH9PZIgrNeGB6eRIj9R8bWr+V+unOrrwMhonqSYxni2KUga1gNM0YEglwZpNDCAsqfkrxCMkEdYms5oJwZ0/eRE6pw3Xabh3Z/XmZRlHFRyCI3ACXHAOmuAatEAbYJCDZ/AK3qwn68V6tz5mrRWrnNkHf2R9/gCinJZo</latexit><latexit sha1_base64="Cjql57tYbX25JzAOgGso5jjfIMc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiQi6cFFw40Kkgr1AG8NkMmmHzmTCzEQoIRtfxY0LRdz6GO58G6dpFtr6w8DHf87hzPmDhFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkCKMxqStqWakl0iCeMBINxhfTevdRyIVFfG9niTE42gY04hipI3l2wctPxtIDm9v8ocCEkXSUOS+XXcaTiG4CG4JdVCq5dtfg1DglJNYY4aU6rtOor0MSU0xI3ltkCqSIDxGQ9I3GCNOlJcVB+Tw2DghjIQ0L9awcH9PZIgrNeGB6eRIj9R8bWr+V+unOrrwMhonqSYxni2KUga1gNM0YEglwZpNDCAsqfkrxCMkEdYms5oJwZ0/eRE6pw3Xabh3Z/XmZRlHFRyCI3ACXHAOmuAatEAbYJCDZ/AK3qwn68V6tz5mrRWrnNkHf2R9/gCinJZo</latexit><latexit sha1_base64="Cjql57tYbX25JzAOgGso5jjfIMc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiQi6cFFw40Kkgr1AG8NkMmmHzmTCzEQoIRtfxY0LRdz6GO58G6dpFtr6w8DHf87hzPmDhFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkCKMxqStqWakl0iCeMBINxhfTevdRyIVFfG9niTE42gY04hipI3l2wctPxtIDm9v8ocCEkXSUOS+XXcaTiG4CG4JdVCq5dtfg1DglJNYY4aU6rtOor0MSU0xI3ltkCqSIDxGQ9I3GCNOlJcVB+Tw2DghjIQ0L9awcH9PZIgrNeGB6eRIj9R8bWr+V+unOrrwMhonqSYxni2KUga1gNM0YEglwZpNDCAsqfkrxCMkEdYms5oJwZ0/eRE6pw3Xabh3Z/XmZRlHFRyCI3ACXHAOmuAatEAbYJCDZ/AK3qwn68V6tz5mrRWrnNkHf2R9/gCinJZo</latexit>

10

k [hMpc�1]
<latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit>
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<latexit sha1_base64="Kfv6ztCNv9uVmUDMtlk3PrSbsrU=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREBD14KHjxIFLBfkAbwma7aZfuJmF3I7Shv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLEs6Udpxva2V1bX1js7BV3N7Z3SvZ+wdNFaeS0AaJeSzbAVaUs4g2NNOcthNJsQg4bQXDm6nfeqJSsTh61KOEegL3IxYygrWRfLtU97OuFOj+blIZno1PfbvsVJ0Z0DJxc1KGHHXf/ur2YpIKGmnCsVId10m0l2GpGeF0UuymiiaYDHGfdgyNsKDKy2aHT9CJUXoojKWpSKOZ+nsiw0KpkQhMp8B6oBa9qfif10l1eOVlLEpSTSMyXxSmHOkYTVNAPSYp0XxkCCaSmVsRGWCJiTZZFU0I7uLLy6R5XnWdqvtwUa5d53EU4AiOoQIuXEINbqEODSCQwjO8wps1tl6sd+tj3rpi5TOH8AfW5w9iPpI5</latexit><latexit sha1_base64="Kfv6ztCNv9uVmUDMtlk3PrSbsrU=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREBD14KHjxIFLBfkAbwma7aZfuJmF3I7Shv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLEs6Udpxva2V1bX1js7BV3N7Z3SvZ+wdNFaeS0AaJeSzbAVaUs4g2NNOcthNJsQg4bQXDm6nfeqJSsTh61KOEegL3IxYygrWRfLtU97OuFOj+blIZno1PfbvsVJ0Z0DJxc1KGHHXf/ur2YpIKGmnCsVId10m0l2GpGeF0UuymiiaYDHGfdgyNsKDKy2aHT9CJUXoojKWpSKOZ+nsiw0KpkQhMp8B6oBa9qfif10l1eOVlLEpSTSMyXxSmHOkYTVNAPSYp0XxkCCaSmVsRGWCJiTZZFU0I7uLLy6R5XnWdqvtwUa5d53EU4AiOoQIuXEINbqEODSCQwjO8wps1tl6sd+tj3rpi5TOH8AfW5w9iPpI5</latexit><latexit sha1_base64="Kfv6ztCNv9uVmUDMtlk3PrSbsrU=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREBD14KHjxIFLBfkAbwma7aZfuJmF3I7Shv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLEs6Udpxva2V1bX1js7BV3N7Z3SvZ+wdNFaeS0AaJeSzbAVaUs4g2NNOcthNJsQg4bQXDm6nfeqJSsTh61KOEegL3IxYygrWRfLtU97OuFOj+blIZno1PfbvsVJ0Z0DJxc1KGHHXf/ur2YpIKGmnCsVId10m0l2GpGeF0UuymiiaYDHGfdgyNsKDKy2aHT9CJUXoojKWpSKOZ+nsiw0KpkQhMp8B6oBa9qfif10l1eOVlLEpSTSMyXxSmHOkYTVNAPSYp0XxkCCaSmVsRGWCJiTZZFU0I7uLLy6R5XnWdqvtwUa5d53EU4AiOoQIuXEINbqEODSCQwjO8wps1tl6sd+tj3rpi5TOH8AfW5w9iPpI5</latexit><latexit sha1_base64="Kfv6ztCNv9uVmUDMtlk3PrSbsrU=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREBD14KHjxIFLBfkAbwma7aZfuJmF3I7Shv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLEs6Udpxva2V1bX1js7BV3N7Z3SvZ+wdNFaeS0AaJeSzbAVaUs4g2NNOcthNJsQg4bQXDm6nfeqJSsTh61KOEegL3IxYygrWRfLtU97OuFOj+blIZno1PfbvsVJ0Z0DJxc1KGHHXf/ur2YpIKGmnCsVId10m0l2GpGeF0UuymiiaYDHGfdgyNsKDKy2aHT9CJUXoojKWpSKOZ+nsiw0KpkQhMp8B6oBa9qfif10l1eOVlLEpSTSMyXxSmHOkYTVNAPSYp0XxkCCaSmVsRGWCJiTZZFU0I7uLLy6R5XnWdqvtwUa5d53EU4AiOoQIuXEINbqEODSCQwjO8wps1tl6sd+tj3rpi5TOH8AfW5w9iPpI5</latexit>

P pseudo
NL

<latexit sha1_base64="Cjql57tYbX25JzAOgGso5jjfIMc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiQi6cFFw40Kkgr1AG8NkMmmHzmTCzEQoIRtfxY0LRdz6GO58G6dpFtr6w8DHf87hzPmDhFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkCKMxqStqWakl0iCeMBINxhfTevdRyIVFfG9niTE42gY04hipI3l2wctPxtIDm9v8ocCEkXSUOS+XXcaTiG4CG4JdVCq5dtfg1DglJNYY4aU6rtOor0MSU0xI3ltkCqSIDxGQ9I3GCNOlJcVB+Tw2DghjIQ0L9awcH9PZIgrNeGB6eRIj9R8bWr+V+unOrrwMhonqSYxni2KUga1gNM0YEglwZpNDCAsqfkrxCMkEdYms5oJwZ0/eRE6pw3Xabh3Z/XmZRlHFRyCI3ACXHAOmuAatEAbYJCDZ/AK3qwn68V6tz5mrRWrnNkHf2R9/gCinJZo</latexit><latexit sha1_base64="Cjql57tYbX25JzAOgGso5jjfIMc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiQi6cFFw40Kkgr1AG8NkMmmHzmTCzEQoIRtfxY0LRdz6GO58G6dpFtr6w8DHf87hzPmDhFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkCKMxqStqWakl0iCeMBINxhfTevdRyIVFfG9niTE42gY04hipI3l2wctPxtIDm9v8ocCEkXSUOS+XXcaTiG4CG4JdVCq5dtfg1DglJNYY4aU6rtOor0MSU0xI3ltkCqSIDxGQ9I3GCNOlJcVB+Tw2DghjIQ0L9awcH9PZIgrNeGB6eRIj9R8bWr+V+unOrrwMhonqSYxni2KUga1gNM0YEglwZpNDCAsqfkrxCMkEdYms5oJwZ0/eRE6pw3Xabh3Z/XmZRlHFRyCI3ACXHAOmuAatEAbYJCDZ/AK3qwn68V6tz5mrRWrnNkHf2R9/gCinJZo</latexit><latexit sha1_base64="Cjql57tYbX25JzAOgGso5jjfIMc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiQi6cFFw40Kkgr1AG8NkMmmHzmTCzEQoIRtfxY0LRdz6GO58G6dpFtr6w8DHf87hzPmDhFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkCKMxqStqWakl0iCeMBINxhfTevdRyIVFfG9niTE42gY04hipI3l2wctPxtIDm9v8ocCEkXSUOS+XXcaTiG4CG4JdVCq5dtfg1DglJNYY4aU6rtOor0MSU0xI3ltkCqSIDxGQ9I3GCNOlJcVB+Tw2DghjIQ0L9awcH9PZIgrNeGB6eRIj9R8bWr+V+unOrrwMhonqSYxni2KUga1gNM0YEglwZpNDCAsqfkrxCMkEdYms5oJwZ0/eRE6pw3Xabh3Z/XmZRlHFRyCI3ACXHAOmuAatEAbYJCDZ/AK3qwn68V6tz5mrRWrnNkHf2R9/gCinJZo</latexit><latexit sha1_base64="Cjql57tYbX25JzAOgGso5jjfIMc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiQi6cFFw40Kkgr1AG8NkMmmHzmTCzEQoIRtfxY0LRdz6GO58G6dpFtr6w8DHf87hzPmDhFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkCKMxqStqWakl0iCeMBINxhfTevdRyIVFfG9niTE42gY04hipI3l2wctPxtIDm9v8ocCEkXSUOS+XXcaTiG4CG4JdVCq5dtfg1DglJNYY4aU6rtOor0MSU0xI3ltkCqSIDxGQ9I3GCNOlJcVB+Tw2DghjIQ0L9awcH9PZIgrNeGB6eRIj9R8bWr+V+unOrrwMhonqSYxni2KUga1gNM0YEglwZpNDCAsqfkrxCMkEdYms5oJwZ0/eRE6pw3Xabh3Z/XmZRlHFRyCI3ACXHAOmuAatEAbYJCDZ/AK3qwn68V6tz5mrRWrnNkHf2R9/gCinJZo</latexit>

P real
NL (k, z) = R(k, z)⇥ P pseudo

NL (k, z)
<latexit sha1_base64="W1ypg4P+bu2kZFif+Ilts34ywkU="></latexit><latexit sha1_base64="W1ypg4P+bu2kZFif+Ilts34ywkU="></latexit><latexit sha1_base64="W1ypg4P+bu2kZFif+Ilts34ywkU="></latexit><latexit sha1_base64="W1ypg4P+bu2kZFif+Ilts34ywkU="></latexit>
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k [hMpc�1]
<latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit>



f(R) gravity
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Modified gravity & Dark energy
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Massive Neutrinos
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• Neutrinos assumed to cluster only linearly
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Absolute Calibration of Pseudo Cosmologies

Pseudo cosmology: ΛCDM cosmology with ICs 
adjusted to match the non-standard real cosmology 
Plin(k,z0)

Lawrence+ 2010

CosmicEmu

Knabenhans+ 2019

EuclidEmulator

⇡⇤ = {!b,!m, h, ns, As}
<latexit sha1_base64="60JDP5cab1ZO6aDHKkf4p1ajzGc="></latexit>
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Absolute Calibration of Pseudo Cosmologies

⇡⇤ = {!b,!m, h, ns, As}
<latexit sha1_base64="60JDP5cab1ZO6aDHKkf4p1ajzGc="></latexit>

⇡X =
n
fR0,

X
m⌫ , · · ·

o

<latexit sha1_base64="le4pY8ZT4tduy5NSyR6UCIRR55I="></latexit>

+

Giblin, Cataneo et al 2019

Pseudo cosmology: ΛCDM cosmology with ICs 
adjusted to match the non-standard real cosmology 
Plin(k,z0)
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(Quasi-)Model-independent shape reconstruction

⇡X =
n
fR0,

X
m⌫ , · · ·

o

<latexit sha1_base64="le4pY8ZT4tduy5NSyR6UCIRR55I="></latexit>

Giblin, Cataneo et al 2019

S (k, z;⇡⇤,�↵) ⌘ P pseudo
L (k, z;⇡⇤,⇡X)

P⇤
L (k, z;⇡⇤)

⇡ 1 +
n�X

i=1

�i(k, z)�↵i

<latexit sha1_base64="azVfYJ2GBRjzL+7mSaqo+uQuO9E="></latexit>

�↵
<latexit sha1_base64="MjEV57tF6AJZOyWZldwpWlQ5Xo0=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KkkVdFnUhcsK9gFNKDeTSTt0MgkzE6GEght/xY0LRdz6E+78G6dtFtp6YJjDOfdy7z1BypnSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZkktEkSnshOAIpyJmhTM81pJ5UU4oDTdjC8nvjtByoVS8S9HqXUj6EvWMQIaCP17EPvhnIN2AsSHqpRbL7cA54OYNyzK07VmQIvErcgFVSg0bO/vDAhWUyFJhyU6rpOqv0cpGaE03HZyxRNgQyhT7uGCoip8vPpDWN8YpQQR4k0T2g8VX935BCryX6mMgY9UPPeRPzP62Y6uvRzJtJMU0Fmg6KMY53gSSA4ZJISzUeGAJHM7IrJACQQbWIrmxDc+ZMXSatWdc+qtbvzSv2qiKOEjtAxOkUuukB1dIsaqIkIekTP6BW9WU/Wi/VufcxKl6yi5wD9gfX5A2oSmAY=</latexit>
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Pseudo Cosmology Emulator

Giblin, Cataneo et al 2019

f(R) gravity, mν and combinations

ΔΝeff = +1

Nnodes = 500; 13 params; Gaussian Process

17



The Best Of Three Worlds
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Bose, Cataneo, Tröster et al 2020

ReACT

• C++ library & Python wrapper (pyReACT)

• Fast (0.3 sec/redshift) —> likelihood analyses

• Download it @ https://github.com/nebblu/ReACT

• Current version: Hu-Sawicki f(R) gravity, nDGP and w0waCDM

• Coming up: massive neutrinos 

19

• Modularised —> easy to add models and to modify

https://github.com/nebblu/ReACT
https://github.com/nebblu/ReACT


Summary & Outlook

• Include baryonic physics; halo clustering

• Pseudo emulator w/ simulations (SPCE, design optimisation…)

• Improve highly NL regime in MG/DE (1 < k Mpc/h < 10)

Fast 
Accurate 
Flexible

• Halo model reaction framework

(ReACT) 
(≲1% for k < 1 h/Mpc) 
(many ΛCDM extensions)

• Simultaneous treatment of different physics beyond vanilla ΛCDM

• Extend to (sub-class of) Horndeski theory

20

• Strong link between halo properties and matter clustering


