
For this afternoon:
… if you’re participating 

• Please download GABE

• cosmo.kenyon.edu/gabe.html


• If you have a MAC

• Try to run the instructions on that page, new(ish) operating systems should work 

without issue

• If you have LINUX

• Please install fftw3 (enabling regular and long-double: openmp and threads for each)


• If you plan to use the remote version, please email me (giblinj@kenyon.edu) as soon as  
possible!


• Please also have Jupyter (or similar) for plotting.  I will distribute a .ipynb this 
afternoon!

http://cosmo.kenyon.edu/gabe.html
mailto:giblinj@kenyon.edu


Tom Giblin 
RIKEN Interdisciplinary Theoretical and Mathematical Sciences Program 
Saitama, Japan 
March 5, 2025

Numerical Preheating
Thoughts and Exercises: Morning



My goal

• I’m not going to try to sell you anything (although if you want to buy it…)


• There are some (beautiful) subtleties associated with doing nonlinear 
dynamics


• This will not be an exhaustive list


• Please talk with us (all of the people who do numerical work)


• We’re (always) happy to share ideas on figuring out whether results are 
physical or numerical



Simulating Preheating
Has a long history

• Perhaps the first real simulations are from 1996/7


• S. Yu. Khlebnikov and Igor Tkachev


• Phys. Rev. Lett. 77, 219 (1996) 


• Made ‘famous’ by LatticeEasy around 2000


• Gary Felder and Igor Tkachev


• Comput.Phys.Commun.178:929-932.2008


• LatticeEasy opened the door to (any of us) to look at nonlinear dynamics of any 
inflationary model



There are many (many) codes
…many of which are open-source or available

• LatticeEasy, Gary Elder 2000 (https://www.felderbooks.com/latticeeasy/index.html)


• CLUSTEREasy, arXiv:0712.0813 (https://www.felderbooks.com/latticeeasy/index.html)


• DEFrost, Andrei Frolov, 2008, arXiv:0809.4904, (https://www.sfu.ca/physics/cosmology/defrost/)


• CUDAEasy, Jani Sanio, 2009, arXiv:0911.5692 


• PSpectRe, Richard Easther, Hal Finkle, Nathaniel Roth, arXiv:1005.1921


• HLATTICE, Zhiqi Huang, arXiv: 1102.0227 (https://www.cita.utoronto.ca/~zqhuang/hlat/)


• GABE, JTG, Hillary Child, J. Tate Deskins, arXiv:1305.0561, (https://cosmo.kenyon.edu/gabe.html)


• PyCOOL, Jani Sainio, arXiv:1201.5029


• CosmoLattice, 2020, Daniel G. Figueroa, Adrien Florio, Francisco Torrenti, Wessel Valkenburg, 
arXiv:2006.15122, (https://cosmolattice.net/)



AND I’m missing some

• This list doesn’t include programs 


• (like CACTUS) that were designed for simulating scalar fields in other 
contexts


• That were written for Numerical Relativity and can handle scalar fields


• Etc, etc


• I apologize in advance for any citations or contributions that I’ve left off!!



What’s the primary take-away?



The discrete system is a physical system
…but it’s not the same physical system as the continuum

<latexit sha1_base64="jL7TyYKffpmF0IawKeEqKg7X8cA=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHBC9k1Bj0SvXjERB4JuyGzQwMTZh/OzBLJhu/w4kFjvPox3vwbB9iDgpV0UqnqTneXHwuutG1/W7m19Y3Nrfx2YWd3b/+geHjUVFEiGTZYJCLZ9qlCwUNsaK4FtmOJNPAFtvzR7cxvjVEqHoUPehKjF9BByPucUW0kz42HvOyOkaVP0/NusWRX7DnIKnEyUoIM9W7xy+1FLAkw1ExQpTqOHWsvpVJzJnBacBOFMWUjOsCOoSENUHnp/OgpOTNKj/QjaSrUZK7+nkhpoNQk8E1nQPVQLXsz8T+vk+j+tZfyME40hmyxqJ8IoiMyS4D0uESmxcQQyiQ3txI2pJIybXIqmBCc5ZdXSfOi4lQr1fvLUu0miyMPJ3AKZXDgCmpwB3VoAINHeIZXeLPG1ov1bn0sWnNWNnMMf2B9/gCVUpH/</latexit>

�(~x)
<latexit sha1_base64="195Xgam1tbyqXgOpz9FwCVpzyrE=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoiUj0WvXisYD+gCWGznbZLN5uwuynW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhQlnSjvOt7W2vrG5tV3YKe7u7R+U7MOjlopTSaFJYx7LTkgUcCagqZnm0EkkkCjk0A5HtzO/PQapWCwe9CQBPyIDwfqMEm2kwC55yZBVvDHQ7HEasPPALjtVZw68StyclFGORmB/eb2YphEITTlRqus6ifYzIjWjHKZFL1WQEDoiA+gaKkgEys/mh0/xmVF6uB9LU0Ljufp7IiORUpMoNJ0R0UO17M3E/7xuqvvXfsZEkmoQdLGon3KsYzxLAfeYBKr5xBBCJTO3YjokklBtsiqaENzll1dJ66Lq1qq1+8ty/SaPo4BO0CmqIBddoTq6Qw3URBSl6Bm9ojfryXqx3q2PReualc8coz+wPn8AkQSTDA==</latexit>

�(~xi)



The simplest (and most relevant) example
…the ideal numerical system*

• Consider the wave equation:


• Which is the coupled system of first-order PDEs:


• Which are, in the discrete limit, a set of  (or ) coupled ODE’s**:N N3

*due to its strong hyperbolicity

<latexit sha1_base64="YwrTSQoe0qjuMGX8jlXhi2QRCZ0=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSUpUt0IRTcuK9gHNLFMJpN26GQmzEyEErp046+4caGIWz/BnX/jpO1CWw9cOJxzL/feEySMKu0431ZhaXllda24XtrY3NresXf3WkqkEpMmFkzIToAUYZSTpqaakU4iCYoDRtrB8Dr32w9EKir4nR4lxI9Rn9OIYqSN1LMPvTAUOvOSAR3DU+hxFDB0X4W5AC+h07PLTsWZAC4Sd0bKYIZGz/7yQoHTmHCNGVKq6zqJ9jMkNcWMjEteqkiC8BD1SddQjmKi/GzyyBgeGyWEkZCmuIYT9fdEhmKlRnFgOmOkB2rey8X/vG6qows/ozxJNeF4uihKGdQC5qnAkEqCNRsZgrCk5laIB0girE12JROCO//yImlVK26tUrs9K9evZnEUwQE4AifABeegDm5AAzQBBo/gGbyCN+vJerHerY9pa8GazeyDP7A+fwBkAZhJ</latexit>

ω̈→↑2ω = 0

<latexit sha1_base64="KH0XkO6MnCQEGrmqihjLLRFWa7w=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsyIVDdC0Y3LCvYBnaFk0kwbmseQZIRhqL/ixoUibv0Qd/6NaTsLbT1w4XDOvcm9J0oY1cbzvp3S2vrG5lZ5u7Kzu7d/4B4edbRMFSZtLJlUvQhpwqggbUMNI71EEcQjRrrR5Hbmdx+J0lSKB5MlJORoJGhMMTJWGrjVYChNHiRjOoXXMJCcjNDArXl1bw64SvyC1ECB1sD9sq/glBNhMENa930vMWGOlKGYkWklSDVJEJ6gEelbKhAnOszny0/hqVWGMJbKljBwrv6eyBHXOuOR7eTIjPWyNxP/8/qpia/CnIokNUTgxUdxyqCRcJYEHFJFsGGZJQgraneFeIwUwsbmVbEh+Msnr5LOed1v1Bv3F7XmTRFHGRyDE3AGfHAJmuAOtEAbYJCBZ/AK3pwn58V5dz4WrSWnmKmCP3A+fwBLcJSO</latexit>

�̇ = !
<latexit sha1_base64="7gnkkkQJpyOaladlDaN4qhKjLvk=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KkmR6kYounFZwT6gieVmOmmHTiZhZiKU0I0bf8WNC0Xc+g/u/BunbRbaeuDC4Zx7Z+49QcKZ0o7zbS0tr6yurRc2iptb2zu79t5+U8WpJLRBYh7LdgCKciZoQzPNaTuRFKKA01YwvJ74rQcqFYvFnR4l1I+gL1jICGgjde0jrxfrzIsj2ocxvsSegIDDfQV7yYB17ZJTdqbAi8TNSQnlqHftL/McSSMqNOGgVMd1Eu1nIDUjnI6LXqpoAmQIfdoxVEBElZ9NrxjjE6P0cBhLU0Ljqfp7IoNIqVEUmM4I9EDNexPxP6+T6vDCz5hIUk0FmX0UphzrGE8iwT0mKdF8ZAgQycyumAxAAtEmuKIJwZ0/eZE0K2W3Wq7enpVqV3kcBXSIjtEpctE5qqEbVEcNRNAjekav6M16sl6sd+tj1rpk5TMH6A+szx+CC5fy</latexit>

!̇ = r2�

**written in 1-d 

<latexit sha1_base64="f6yKLXRu1XAJGVl4Dka6bnsotME=">AAACEnicbVC7SgNBFJ2NrxhfUUubwSAkTdgViTZC0MYygnlAdllmJ3eTIbMPZmaDYck32PgrNhaK2FrZ+TdOki1i4oELh3Punbn3eDFnUpnmj5FbW9/Y3MpvF3Z29/YPiodHLRklgkKTRjwSHY9I4CyEpmKKQycWQAKPQ9sb3k799giEZFH4oMYxOAHph8xnlCgtucWK3YtUascDNinbI6Dp48RlFXyN7SiAPlnQ3GLJrJoz4FViZaSEMjTc4rd+myYBhIpyImXXMmPlpEQoRjlMCnYiISZ0SPrQ1TQkAUgnnZ00wWda6WE/ErpChWfq4kRKAinHgac7A6IGctmbiv953UT5V07KwjhRENL5R37CsYrwNB/cYwKo4mNNCBVM74rpgAhClU6xoEOwlk9eJa3zqlWr1u4vSvWbLI48OkGnqIwsdInq6A41UBNR9IRe0Bt6N56NV+PD+Jy35oxs5hj9gfH1CwHdnbA=</latexit>

�̇(~xi) = !(~xi)

<latexit sha1_base64="QqhAV1rsR4AuC4cZdX62dmVDKiU="></latexit>

!̇(~xi) =
1

�x2
[�(~xi+1)� 2�(~xi) + �(~xi�1)]



Because you remember blocks and springs

• This system of discrete blocks 
approximates a continuum system


• However, the frequencies of the 
normal modes of the system 
come from find the eigenvalues of 
the system of equations

<latexit sha1_base64="v4pxNtUCWBZ5SjLtm02BqbXmkIk="></latexit>

ω̈y =
k

m





→2 1 0 0
1 →2 1 0
0 1 →2 1
0 0 1 →2

. . .




ωy



The dispersion relation for this system

0 20 40 60 80 100
0

20

40

60

80

100

1 5 10 50 100

1

5
10

50
100

<latexit sha1_base64="F2H3+v0H1maIniv4Q0xZEZiWy5Y=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe+CRMugjYVFBPMByRH2NnvJcnt7y+6eEI78CBsLRWz9PXb+GzfJFZr4YODx3gwz8wLJmTau++0U1tY3NreK26Wd3b39g/LhUVsnqSK0RRKeqG6ANeVM0JZhhtOuVBTHAaedILqd+Z0nqjRLxKOZSOrHeCRYyAg2VupE9xe1vmSDcsWtunOgVeLlpAI5moPyV3+YkDSmwhCOte55rjR+hpVhhNNpqZ9qKjGJ8Ij2LBU4ptrP5udO0ZlVhihMlC1h0Fz9PZHhWOtJHNjOGJuxXvZm4n9eLzXhtZ8xIVNDBVksClOOTIJmv6MhU5QYPrEEE8XsrYiMscLE2IRKNgRv+eVV0q5VvXq1/nBZadzkcRThBE7hHDy4ggbcQRNaQCCCZ3iFN0c6L86787FoLTj5zDH8gfP5A5TJjxg=</latexit>

kL/2⇡
<latexit sha1_base64="F2H3+v0H1maIniv4Q0xZEZiWy5Y=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe+CRMugjYVFBPMByRH2NnvJcnt7y+6eEI78CBsLRWz9PXb+GzfJFZr4YODx3gwz8wLJmTau++0U1tY3NreK26Wd3b39g/LhUVsnqSK0RRKeqG6ANeVM0JZhhtOuVBTHAaedILqd+Z0nqjRLxKOZSOrHeCRYyAg2VupE9xe1vmSDcsWtunOgVeLlpAI5moPyV3+YkDSmwhCOte55rjR+hpVhhNNpqZ9qKjGJ8Ij2LBU4ptrP5udO0ZlVhihMlC1h0Fz9PZHhWOtJHNjOGJuxXvZm4n9eLzXhtZ8xIVNDBVksClOOTIJmv6MhU5QYPrEEE8XsrYiMscLE2IRKNgRv+eVV0q5VvXq1/nBZadzkcRThBE7hHDy4ggbcQRNaQCCCZ3iFN0c6L86787FoLTj5zDH8gfP5A5TJjxg=</latexit>

kL/2⇡

<latexit sha1_base64="GMGtlrgrr7OaUYVheZQlCuQyoig=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe+CRMugjYVFBPMBuSPsbfaSJbt75+5eIIT8DhsLRWz9MXb+GzfJFZr4YODx3gwz88KEM21c99vJra1vbG7ltws7u3v7B8XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB25rdGVGkWy0czTmggcF+yiBFsrBT4saB9jO4vKn7CusWSW3bnQKvEy0gJMtS7xS+/F5NUUGkIx1p3PDcxwQQrwwin04KfappgMsR92rFUYkF1MJkfPUVnVumhKFa2pEFz9ffEBAutxyK0nQKbgV72ZuJ/Xic10XUwYTJJDZVksShKOTIxmiWAekxRYvjYEkwUs7ciMsAKE2NzKtgQvOWXV0mzUvaq5erDZal2k8WRhxM4hXPw4ApqcAd1aACBJ3iGV3hzRs6L8+58LFpzTjZzDH/gfP4AtyyRbg==</latexit>

!L/2⇡
<latexit sha1_base64="GMGtlrgrr7OaUYVheZQlCuQyoig=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe+CRMugjYVFBPMBuSPsbfaSJbt75+5eIIT8DhsLRWz9MXb+GzfJFZr4YODx3gwz88KEM21c99vJra1vbG7ltws7u3v7B8XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB25rdGVGkWy0czTmggcF+yiBFsrBT4saB9jO4vKn7CusWSW3bnQKvEy0gJMtS7xS+/F5NUUGkIx1p3PDcxwQQrwwin04KfappgMsR92rFUYkF1MJkfPUVnVumhKFa2pEFz9ffEBAutxyK0nQKbgV72ZuJ/Xic10XUwYTJJDZVksShKOTIxmiWAekxRYvjYEkwUs7ciMsAKE2NzKtgQvOWXV0mzUvaq5erDZal2k8WRhxM4hXPw4ApqcAd1aACBJ3iGV3hzRs6L8+58LFpzTjZzDH/gfP4AtyyRbg==</latexit>

!L/2⇡



The dispersion relation for this system
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<latexit sha1_base64="F2H3+v0H1maIniv4Q0xZEZiWy5Y=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe+CRMugjYVFBPMByRH2NnvJcnt7y+6eEI78CBsLRWz9PXb+GzfJFZr4YODx3gwz8wLJmTau++0U1tY3NreK26Wd3b39g/LhUVsnqSK0RRKeqG6ANeVM0JZhhtOuVBTHAaedILqd+Z0nqjRLxKOZSOrHeCRYyAg2VupE9xe1vmSDcsWtunOgVeLlpAI5moPyV3+YkDSmwhCOte55rjR+hpVhhNNpqZ9qKjGJ8Ij2LBU4ptrP5udO0ZlVhihMlC1h0Fz9PZHhWOtJHNjOGJuxXvZm4n9eLzXhtZ8xIVNDBVksClOOTIJmv6MhU5QYPrEEE8XsrYiMscLE2IRKNgRv+eVV0q5VvXq1/nBZadzkcRThBE7hHDy4ggbcQRNaQCCCZ3iFN0c6L86787FoLTj5zDH8gfP5A5TJjxg=</latexit>

kL/2⇡

<latexit sha1_base64="GMGtlrgrr7OaUYVheZQlCuQyoig=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe+CRMugjYVFBPMBuSPsbfaSJbt75+5eIIT8DhsLRWz9MXb+GzfJFZr4YODx3gwz88KEM21c99vJra1vbG7ltws7u3v7B8XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB25rdGVGkWy0czTmggcF+yiBFsrBT4saB9jO4vKn7CusWSW3bnQKvEy0gJMtS7xS+/F5NUUGkIx1p3PDcxwQQrwwin04KfappgMsR92rFUYkF1MJkfPUVnVumhKFa2pEFz9ffEBAutxyK0nQKbgV72ZuJ/Xic10XUwYTJJDZVksShKOTIxmiWAekxRYvjYEkwUs7ciMsAKE2NzKtgQvOWXV0mzUvaq5erDZal2k8WRhxM4hXPw4ApqcAd1aACBJ3iGV3hzRs6L8+58LFpzTjZzDH/gfP4AtyyRbg==</latexit>

!L/2⇡

• Remember that the more points 
you have, the larger the 
wavenumber you can resolve! 

• The box-size sets the minimum 
(non-zero) wavenumber that you 
can resolve


• This also means that all 
wavelengths larger than this are 
“included” in the zero-bin



You can play some ‘tricks’
…like stencils

<latexit sha1_base64="s7zOQfr5tDUiGIN/JwKchj5qZmk="></latexit>

!̇(~xi) =
1

12�x2
[��(~xi�2) + 16�(~xi+1)� 30�(~xi) + 16�(~xi�1)� �(~xi)]
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<latexit sha1_base64="F2H3+v0H1maIniv4Q0xZEZiWy5Y=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe+CRMugjYVFBPMByRH2NnvJcnt7y+6eEI78CBsLRWz9PXb+GzfJFZr4YODx3gwz8wLJmTau++0U1tY3NreK26Wd3b39g/LhUVsnqSK0RRKeqG6ANeVM0JZhhtOuVBTHAaedILqd+Z0nqjRLxKOZSOrHeCRYyAg2VupE9xe1vmSDcsWtunOgVeLlpAI5moPyV3+YkDSmwhCOte55rjR+hpVhhNNpqZ9qKjGJ8Ij2LBU4ptrP5udO0ZlVhihMlC1h0Fz9PZHhWOtJHNjOGJuxXvZm4n9eLzXhtZ8xIVNDBVksClOOTIJmv6MhU5QYPrEEE8XsrYiMscLE2IRKNgRv+eVV0q5VvXq1/nBZadzkcRThBE7hHDy4ggbcQRNaQCCCZ3iFN0c6L86787FoLTj5zDH8gfP5A5TJjxg=</latexit>

kL/2⇡

<latexit sha1_base64="GMGtlrgrr7OaUYVheZQlCuQyoig=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe+CRMugjYVFBPMBuSPsbfaSJbt75+5eIIT8DhsLRWz9MXb+GzfJFZr4YODx3gwz88KEM21c99vJra1vbG7ltws7u3v7B8XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB25rdGVGkWy0czTmggcF+yiBFsrBT4saB9jO4vKn7CusWSW3bnQKvEy0gJMtS7xS+/F5NUUGkIx1p3PDcxwQQrwwin04KfappgMsR92rFUYkF1MJkfPUVnVumhKFa2pEFz9ffEBAutxyK0nQKbgV72ZuJ/Xic10XUwYTJJDZVksShKOTIxmiWAekxRYvjYEkwUs7ciMsAKE2NzKtgQvOWXV0mzUvaq5erDZal2k8WRhxM4hXPw4ApqcAd1aACBJ3iGV3hzRs6L8+58LFpzTjZzDH/gfP4AtyyRbg==</latexit>

!L/2⇡

<latexit sha1_base64="F2H3+v0H1maIniv4Q0xZEZiWy5Y=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe+CRMugjYVFBPMByRH2NnvJcnt7y+6eEI78CBsLRWz9PXb+GzfJFZr4YODx3gwz8wLJmTau++0U1tY3NreK26Wd3b39g/LhUVsnqSK0RRKeqG6ANeVM0JZhhtOuVBTHAaedILqd+Z0nqjRLxKOZSOrHeCRYyAg2VupE9xe1vmSDcsWtunOgVeLlpAI5moPyV3+YkDSmwhCOte55rjR+hpVhhNNpqZ9qKjGJ8Ij2LBU4ptrP5udO0ZlVhihMlC1h0Fz9PZHhWOtJHNjOGJuxXvZm4n9eLzXhtZ8xIVNDBVksClOOTIJmv6MhU5QYPrEEE8XsrYiMscLE2IRKNgRv+eVV0q5VvXq1/nBZadzkcRThBE7hHDy4ggbcQRNaQCCCZ3iFN0c6L86787FoLTj5zDH8gfP5A5TJjxg=</latexit>

kL/2⇡

<latexit sha1_base64="GMGtlrgrr7OaUYVheZQlCuQyoig=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe+CRMugjYVFBPMBuSPsbfaSJbt75+5eIIT8DhsLRWz9MXb+GzfJFZr4YODx3gwz88KEM21c99vJra1vbG7ltws7u3v7B8XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB25rdGVGkWy0czTmggcF+yiBFsrBT4saB9jO4vKn7CusWSW3bnQKvEy0gJMtS7xS+/F5NUUGkIx1p3PDcxwQQrwwin04KfappgMsR92rFUYkF1MJkfPUVnVumhKFa2pEFz9ffEBAutxyK0nQKbgV72ZuJ/Xic10XUwYTJJDZVksShKOTIxmiWAekxRYvjYEkwUs7ciMsAKE2NzKtgQvOWXV0mzUvaq5erDZal2k8WRhxM4hXPw4ApqcAd1aACBJ3iGV3hzRs6L8+58LFpzTjZzDH/gfP4AtyyRbg==</latexit>

!L/2⇡



You have to look where you can trust

• To quantify how much you “trust” 
you need to do more sophisticated 
tests


• More on these later


• But in general, you plan to have the 
physics you care about in the 
lower-half of the log-modes
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<latexit sha1_base64="F2H3+v0H1maIniv4Q0xZEZiWy5Y=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe+CRMugjYVFBPMByRH2NnvJcnt7y+6eEI78CBsLRWz9PXb+GzfJFZr4YODx3gwz8wLJmTau++0U1tY3NreK26Wd3b39g/LhUVsnqSK0RRKeqG6ANeVM0JZhhtOuVBTHAaedILqd+Z0nqjRLxKOZSOrHeCRYyAg2VupE9xe1vmSDcsWtunOgVeLlpAI5moPyV3+YkDSmwhCOte55rjR+hpVhhNNpqZ9qKjGJ8Ij2LBU4ptrP5udO0ZlVhihMlC1h0Fz9PZHhWOtJHNjOGJuxXvZm4n9eLzXhtZ8xIVNDBVksClOOTIJmv6MhU5QYPrEEE8XsrYiMscLE2IRKNgRv+eVV0q5VvXq1/nBZadzkcRThBE7hHDy4ggbcQRNaQCCCZ3iFN0c6L86787FoLTj5zDH8gfP5A5TJjxg=</latexit>

kL/2⇡

<latexit sha1_base64="GMGtlrgrr7OaUYVheZQlCuQyoig=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe+CRMugjYVFBPMBuSPsbfaSJbt75+5eIIT8DhsLRWz9MXb+GzfJFZr4YODx3gwz88KEM21c99vJra1vbG7ltws7u3v7B8XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB25rdGVGkWy0czTmggcF+yiBFsrBT4saB9jO4vKn7CusWSW3bnQKvEy0gJMtS7xS+/F5NUUGkIx1p3PDcxwQQrwwin04KfappgMsR92rFUYkF1MJkfPUVnVumhKFa2pEFz9ffEBAutxyK0nQKbgV72ZuJ/Xic10XUwYTJJDZVksShKOTIxmiWAekxRYvjYEkwUs7ciMsAKE2NzKtgQvOWXV0mzUvaq5erDZal2k8WRhxM4hXPw4ApqcAd1aACBJ3iGV3hzRs6L8+58LFpzTjZzDH/gfP4AtyyRbg==</latexit>

!L/2⇡



You have to look where you can trust

• To quantify how much you “trust” 
you need to do more sophisticated 
tests


• More on these later


• But in general, you plan to have the 
physics you care about in the 
lower-half of the log-modes
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<latexit sha1_base64="F2H3+v0H1maIniv4Q0xZEZiWy5Y=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe+CRMugjYVFBPMByRH2NnvJcnt7y+6eEI78CBsLRWz9PXb+GzfJFZr4YODx3gwz8wLJmTau++0U1tY3NreK26Wd3b39g/LhUVsnqSK0RRKeqG6ANeVM0JZhhtOuVBTHAaedILqd+Z0nqjRLxKOZSOrHeCRYyAg2VupE9xe1vmSDcsWtunOgVeLlpAI5moPyV3+YkDSmwhCOte55rjR+hpVhhNNpqZ9qKjGJ8Ij2LBU4ptrP5udO0ZlVhihMlC1h0Fz9PZHhWOtJHNjOGJuxXvZm4n9eLzXhtZ8xIVNDBVksClOOTIJmv6MhU5QYPrEEE8XsrYiMscLE2IRKNgRv+eVV0q5VvXq1/nBZadzkcRThBE7hHDy4ggbcQRNaQCCCZ3iFN0c6L86787FoLTj5zDH8gfP5A5TJjxg=</latexit>

kL/2⇡

<latexit sha1_base64="GMGtlrgrr7OaUYVheZQlCuQyoig=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe+CRMugjYVFBPMBuSPsbfaSJbt75+5eIIT8DhsLRWz9MXb+GzfJFZr4YODx3gwz88KEM21c99vJra1vbG7ltws7u3v7B8XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB25rdGVGkWy0czTmggcF+yiBFsrBT4saB9jO4vKn7CusWSW3bnQKvEy0gJMtS7xS+/F5NUUGkIx1p3PDcxwQQrwwin04KfappgMsR92rFUYkF1MJkfPUVnVumhKFa2pEFz9ffEBAutxyK0nQKbgV72ZuJ/Xic10XUwYTJJDZVksShKOTIxmiWAekxRYvjYEkwUs7ciMsAKE2NzKtgQvOWXV0mzUvaq5erDZal2k8WRhxM4hXPw4ApqcAd1aACBJ3iGV3hzRs6L8+58LFpzTjZzDH/gfP4AtyyRbg==</latexit>

!L/2⇡



A little bit about GABE



Grid and Bubble Evolver (GABE)

• A discritized lattice of  points


• -order Runge-Kutta Integration scheme


• Natively it handles -scalar fields 


• Which are treated completely non-linearly


• Gravity is treated homogeneously via the 
Friedman constraint


• It’s “easy” to change potentials


• And possible to change equations of motion

N3

2nd

n

The actual Gabriel



Setting up the physical system

• Set the scale(s) of the problem by defining dimensionless variables


• Make choices for the physical parameters of the system


• Make choices for the numerical parameters of the system


• Chose a scheme to discretize the system


• Be aware that you will need to vary these parameters in order to validate 
your numerical work



Defining dimensionless variables
…the hard part

• The two (structural) parts of the system are:


• Spacetime:


• Gravity:

<latexit sha1_base64="Z/4FX6F3/2SdgkHcFdln7nqHj00=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoXEVCUIFRakqiyMRaIPqQmR4zitVTuJbAdRRdlZ+BUWBhBi5QfY+BvcNgO0HOlKx+fcK997/IRRqSzr2yitrK6tb5Q3K1vbO7t75v5BV8apwKSDYxaLvo8kYTQiHUUVI/1EEMR9Rnr++Grq9+6JkDSObtUkIS5Hw4iGFCOlJc+sBg93Dk/hJXRCgXA2f3qZIzhMRJ5nrdwza1bdmgEuE7sgNVCg7ZlfThDjlJNIYYakHNhWotwMCUUxI3nFSSVJEB6jIRloGiFOpJvNbsnhsVYCGMZCV6TgTP09kSEu5YT7upMjNZKL3lT8zxukKrxwMxolqSIRnn8UpgyqGE6DgQEVBCs20QRhQfWuEI+QzkTp+Co6BHvx5GXSPa3bjXrj5qzWbBVxlMERqIITYINz0ATXoA06AINH8AxewZvxZLwY78bHvLVkFDOH4A+Mzx87t5s1</latexit>

dxµ =
dxµ

pr

B

<latexit sha1_base64="TdXZVFThYGjZn2PKDcuAjoaTJgM=">AAACFnicbVDLSsNAFJ34rPUVdelmsAhuLEmR6kYodeOygn1Ak4bJdNIOnUnCzEQoIV/hxl9x40IRt+LOv3HSZqGtBy4czrmXe+/xY0alsqxvY2V1bX1js7RV3t7Z3ds3Dw47MkoEJm0csUj0fCQJoyFpK6oY6cWCIO4z0vUnN7nffSBC0ii8V9OYuByNQhpQjJSWPPPcEePISx3BYSwyeA2dQCCc5mqW8sJg2aAGm4Na5pkVq2rNAJeJXZAKKNDyzC9nGOGEk1BhhqTs21as3BQJRTEjWdlJJIkRnqAR6WsaIk6km87eyuCpVoYwiISuUMGZ+nsiRVzKKfd1J0dqLBe9XPzP6ycquHJTGsaJIiGeLwoSBlUE84zgkAqCFZtqgrCg+laIx0jnonSSZR2CvfjyMunUqna9Wr+7qDSaRRwlcAxOwBmwwSVogFvQAm2AwSN4Bq/gzXgyXox342PeumIUM0fgD4zPH+vInzg=</latexit>

ωpr =
ω

m2
plB

2

<latexit sha1_base64="se0TStCx4IcCMmtJeG3O8TfAPF0=">AAACHHicbVDLSgMxFM3UV62vqks3wSK4KjMq1aXoxmUFWwudccikd2xoMhOTjFCG+RA3/oobF4q4cSH4N6YPxNeBwOGce5OcE0nOtHHdD6c0Mzs3v1BerCwtr6yuVdc32jrNFIUWTXmqOhHRwFkCLcMMh45UQETE4TIanI78y1tQmqXJhRlKCAS5TljMKDFWCqv7V75UTAD24SZjt9iPFaG5L4kyjPDii2ET5r4SWKqiCKs1t+6Ogf8Sb0pqaIpmWH3zeynNBCSGcqJ113OlCfLRzZRDUfEzDZLQAbmGrqUJEaCDfByuwDtW6eE4VfYkBo/V7xs5EVoPRWQnBTF9/dsbif953czER0HOEpkZSOjkoTizSVM8agr3mAJq+NASQhWzf8W0T2w9xvZZsSV4vyP/Je29uteoN84Pascn0zrKaAtto13koUN0jM5QE7UQRXfoAT2hZ+feeXRenNfJaMmZ7myiH3DePwGTuKLz</latexit>

→ → ω

ωtpr

<latexit sha1_base64="YgcJkOVXnxav8k0LPSxy9cLrX58="></latexit>(
ȧ

a

)2

= B2

(
a→

a

)2

=
8ω

3m2
pl

ε



Rescaling the fields
…is also not a choice

• The fields are always in Planck masses,


• So derivatives of fields have a factor of  as well as a factor of , e.g.B mpl

<latexit sha1_base64="jN2n4pE2vkJu6c6oO/X3whdJfBw=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiJS3QhFNy4r2Ac0IUymk3boTDLMTIQS8glu/BU3LhRx69Kdf+OkzUJbD1w4nHMv994TCkaVdpxva2l5ZXVtvbJR3dza3tm19/Y7KkklJm2csET2QqQIozFpa6oZ6QlJEA8Z6Ybjm8LvPhCpaBLf64kgPkfDmEYUI22kwD7xxIgGmSc5FDKHV9CLJMJZoeYZLw2W54Fdc+rOFHCRuCWpgRKtwP7yBglOOYk1ZkipvusI7WdIaooZyateqohAeIyGpG9ojDhRfjZ9KIfHRhnAKJGmYg2n6u+JDHGlJjw0nRzpkZr3CvE/r5/q6NLPaCxSTWI8WxSlDOoEFunAAZUEazYxBGFJza0Qj5BJRJsMqyYEd/7lRdI5q7uNeuPuvNa8LuOogENwBE6BCy5AE9yCFmgDDB7BM3gFb9aT9WK9Wx+z1iWrnDkAf2B9/gBK651q</latexit>

ωpr =
ω

mpl

<latexit sha1_base64="hKAfAQDYjWHYxDLVlYX/SRwz2A4=">AAACNHicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6kYodSO4qWAf0IQwmU7aoTNJmJkIJeSj3PghbkRwoYhbv8FJG6i2Hhg4nHMfc48fMyqVZb0apZXVtfWN8mZla3tnd8/cP+jIKBGYtHHEItHzkSSMhqStqGKkFwuCuM9I1x9f5373gQhJo/BeTWLicjQMaUAxUlryzFtnEKnUiUc0g1ewyb3UERzGLINOIBDWDhKKIgbzksIUWTbX1Vz0zKpVs6aAy8QuSBUUaHnms96OE05ChRmSsm9bsXLTfDJmJKs4iSQxwmM0JH1NQ8SJdNPp0Rk80coABpHQL1Rwqv7uSBGXcsJ9XcmRGslFLxf/8/qJCi7dlIZxokiIZ4uCRF8awTxBOKCCYMUmmiAsqP4rxCOkw1I654oOwV48eZl0zmp2vVa/O682mkUcZXAEjsEpsMEFaIAb0AJtgMEjeAHv4MN4Mt6MT+NrVloyip5D8AfG9w+Oa6yp</latexit>

ω̇ = Bmpl
εωpr

εtpr



For scalar fields only,
Setting the scale(s) of the problem

• Rescaling the energy density is really just rescaling the potential (model)


• So the scale of the box is really set by the parameters of the potential, e.g.
<latexit sha1_base64="KHUfQW6LsYkMY4bXNmAgFSKUlV4="></latexit>

Vpr =
V

B2m2
pl

=
1

B2m2
pl

1

2
m2ω2 =

1

2
ω2
pr

<latexit sha1_base64="bFjZat5jn6AbNku1VgOp/O38MQg=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVab0IpV48VnDbQruUbJptQ5PskmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0UNja3tneKu6W9/YPDo/LxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzN/c4TVZrF8tFMExoIPJIsYgQbK/lNdIvEoFxxq+4CaJ14OalAjtag/NUfxiQVVBrCsdY9z01MkGFlGOF0VuqnmiaYTPCI9iyVWFAdZItjZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VIT3QQZk0lqqCTLRVHKkYnR/HM0ZIoSw6eWYKKYvRWRMVaYGJtPyYbgrb68TtpXVa9WrT1cVxrNPI4inME5XIIHdWjAPbTABwIMnuEV3hzpvDjvzseyteDkM6fwB87nD5BXjeM=</latexit>

B = mwhere

<latexit sha1_base64="LzvfKl1AIlOHZONdwzcMmy9mIQg="></latexit>

ωpr =
1
2 ε̇

2 + (→ω)2

2a2 + V (ε)

B2m2
pl

=
1

2
ε↑
pr

2
+

(→prεpr)
2

2a2
+

V

B2m2
pl



If the potential is more complicated
Setting the scale(s) of the problem

• For example, Axion Monodromy,


• There appear to be many choices of  that could simplify this potential; 
however, the choice  leads to

B
B = m

<latexit sha1_base64="0ojSkzruXwUcSmjmem9bd0+VQGU="></latexit>

Vpr =
m2M2

B2m2
pr

(√
1 +

ω2

M2
→ 1

)

<latexit sha1_base64="ER5qgW3qPlT8vyekCA14YAntfss="></latexit>

Vpr =

(
M

mpl

)2
(√

1 +
ω2
pr

(M/mpl)
2 → 1

)
↑

1

2
ω2
pr +O

(
ω4
pr

)



If the potential is more complicated
Setting the scale(s) of the problem

• For example, Axion Monodromy,


• There appear to be many choices of  that could simplify this potential; 
however, the choice  leads to

B
B = m

<latexit sha1_base64="0ojSkzruXwUcSmjmem9bd0+VQGU="></latexit>

Vpr =
m2M2

B2m2
pr

(√
1 +

ω2

M2
→ 1

)

<latexit sha1_base64="ER5qgW3qPlT8vyekCA14YAntfss="></latexit>

Vpr =

(
M

mpl

)2
(√

1 +
ω2
pr

(M/mpl)
2 → 1

)
↑

1

2
ω2
pr +O

(
ω4
pr

)

Where the (small amplitude) 
oscillation of the homogeneous 
field still sets the clock



You only get one
Setting the scale(s) of the problem

• However, the choice of  "uses up” the freedom to set other scales of the 
problem.


• In broad strokes, the number of parameters (beyond one) that you need to 
specify are the the root of the numerical challenges


• Other codes (most notably LatticeEasy) have more freedom in choosing 
dimensionless variables


• However, nothing is “free” — these choices change couplings to gravity, e.g., 
which just shift around where you’re making your choices!

B

<latexit sha1_base64="Fh2+bW/n+BPJfZzLZZ7iylsD8y4=">AAACBXicbZDLSgMxFIYzXmu9jbrURbAIrsqMSHUjVN24rGAv0BlLJs20oUkmJBmhDN248VXcuFDEre/gzrcxnXahrT8EPv5zDifnjySj2njet7OwuLS8slpYK65vbG5tuzu7DZ2kCpM6TliiWhHShFFB6oYaRlpSEcQjRprR4Hpcbz4QpWki7sxQkpCjnqAxxchYq+MeBLJPO1mgOJRqBC/gJUT3maXcd0te2csF58GfQglMVeu4X0E3wSknwmCGtG77njRhhpShmJFRMUg1kQgPUI+0LQrEiQ6z/IoRPLJOF8aJsk8YmLu/JzLEtR7yyHZyZPp6tjY2/6u1UxOfhxkVMjVE4MmiOGXQJHAcCexSRbBhQwsIK2r/CnEfKYSNDa5oQ/BnT56HxknZr5Qrt6el6tU0jgLYB4fgGPjgDFTBDaiBOsDgETyDV/DmPDkvzrvzMWldcKYze+CPnM8fNW2Xww==</latexit>

ωpr = Aarω
<latexit sha1_base64="lmMe2HVQNisfGh69+kw14sn4bMk=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwISURqW6EUjcuK9gHNKFMJpN26EwSZibFErJ246+4caGIW7/AnX/jtA2irQcuHM65l3vv8WJGpbKsL6OwtLyyulZcL21sbm3vmLt7LRklApMmjlgkOh6ShNGQNBVVjHRiQRD3GGl7w+uJ3x4RIWkU3qlxTFyO+iENKEZKSz3z0HdGBKf3WS91BIexyOAVrEPnFP4YZtmqWFPARWLnpAxyNHrmp+NHOOEkVJghKbu2FSs3RUJRzEhWchJJYoSHqE+6moaIE+mm01cyeKwVHwaR0BUqOFV/T6SISznmnu7kSA3kvDcR//O6iQou3ZSGcaJIiGeLgoRBFcFJLtCngmDFxpogLKi+FeIBEggrnV5Jh2DPv7xIWmcVu1qp3p6Xa/U8jiI4AEfgBNjgAtTADWiAJsDgATyBF/BqPBrPxpvxPmstGPnMPvgD4+MbNzmZ9w==</latexit>

dωxpr = B dωx
<latexit sha1_base64="qcS3OsDPTA3ULS+Lx5/XpEj4dmo=">AAAB/3icbVBNS8NAEJ34WetXVPDiZbEInkoiUr0IpV48VrAf0May2WzapbtJ2N0IJfbgX/HiQRGv/g1v/hu3bQ7a+mDg8d4MM/P8hDOlHefbWlpeWV1bL2wUN7e2d3btvf2milNJaIPEPJZtHyvKWUQbmmlO24mkWPictvzh9cRvPVCpWBzd6VFCPYH7EQsZwdpIPfsw0L2sKwVK5BhdoRrC9woZzS45ZWcKtEjcnJQgR71nf3WDmKSCRppwrFTHdRLtZVhqRjgdF7upogkmQ9ynHUMjLKjysun9Y3RilACFsTQVaTRVf09kWCg1Er7pFFgP1Lw3Ef/zOqkOL72MRUmqaURmi8KUIx2jSRgoYJISzUeGYCKZuRWRAZaYaBNZ0YTgzr+8SJpnZbdSrtyel6q1PI4CHMExnIILF1CFG6hDAwg8wjO8wpv1ZL1Y79bHrHXJymcO4A+szx9WEJUH</latexit>

dtpr = Basdt
<latexit sha1_base64="e9HdT2YbyDHTwzFAiuqDup/BnXw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2W3SvUiFL14rGA/oF1KNs22sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKlloghtEMmlagdYU84EbRhmOG3HiuIo4LQVjG6nfuuJKs2keDDjmPoRHggWMoKNlZr6uqLOznvFklt2Z0DLxMtICTLUe8Wvbl+SJKLCEI617nhubPwUK8MIp5NCN9E0xmSEB7RjqcAR1X46u3aCTqzSR6FUtoRBM/X3RIojrcdRYDsjbIZ60ZuK/3mdxIRXfspEnBgqyHxRmHBkJJq+jvpMUWL42BJMFLO3IjLEChNjAyrYELzFl5dJs1L2quXq/UWpdpPFkYcjOIZT8OASanAHdWgAgUd4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/hkqOdQ==</latexit>

s = 2r → 3



The physical parameters
Choosing the physics

• This could mean choosing masses, couplings, etc,


• Or the initial conditions (say, at the end of inflation)


• Which can also give other physical quantities of interest, e.g. H

<latexit sha1_base64="kokL2yHdv6ZnarY0hDMiYkGnViY=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXGhJRKoboejGZQX7gCaGyXTaDp2ZhJmJUELc+CtuXCji1r9w5984bbPQ1gMXDufcy733hDGjSjvOt1VYWFxaXimultbWNza37O2dpooSiUkDRyyS7RApwqggDU01I+1YEsRDRlrh8Hrstx6IVDQSd3oUE5+jvqA9ipE2UmDvcXgJXec+Palm0DvmQepJDmOWBXbZqTgTwHni5qQMctQD+8vrRjjhRGjMkFId14m1nyKpKWYkK3mJIjHCQ9QnHUMF4kT56eSDDB4apQt7kTQlNJyovydSxJUa8dB0cqQHatYbi/95nUT3LvyUijjRRODpol7CoI7gOA7YpZJgzUaGICypuRXiAZIIaxNayYTgzr48T5qnFbdaqd6elWtXeRxFsA8OwBFwwTmogRtQBw2AwSN4Bq/gzXqyXqx362PaWrDymV3wB9bnD+cvlU0=</latexit>

m = 10→6 mpl

<latexit sha1_base64="Ftllu8sq/J8+IuiIFkvEs5BkJuo=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsHHZDZrYCEEbywjmAckmzE4myZDZBzN3hbBs46/YWChi62fY+TdOki008cCFwzn3cu89XiS4Atv+NnIrq2vrG/nNwtb2zu6euX/QUGEsKavTUISy5RHFBA9YHTgI1ookI74nWNMb30795iOTiofBA0wi5vpkGPABpwS01DOPht0SvsYl67ID3GcKO3Y3Oa+kPbNoW/YMeJk4GSmiDLWe+dXphzT2WQBUEKXajh2BmxAJnAqWFjqxYhGhYzJkbU0Dope5yeyBFJ9qpY8HodQVAJ6pvycS4is18T3d6RMYqUVvKv7ntWMYXLkJD6IYWEDniwaxwBDiaRq4zyWjICaaECq5vhXTEZGEgs6soENwFl9eJo2S5ZSt8v1FsXqTxZFHx+gEnSEHVVAV3aEaqiOKUvSMXtGb8WS8GO/Gx7w1Z2Qzh+gPjM8fX0iUXg==</latexit>

g2 = 2.5→ 10→7
<latexit sha1_base64="8Lz3GnIPZSmXDh7jpNzJGggeeJ4=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0UQhJIUad0IRTcuK9gHNGmZTCft0JkkzEyEEvIpbvwVNy4U0Z1+jZM2grYeGO7hnHu5c48XMSqVZX0ahZXVtfWN4mZpa3tnd8/cP2jLMBaYtHDIQtH1kCSMBqSlqGKkGwmCuMdIx5tcZ37nnghJw+BOTSPicjQKqE8xUloamPU2vISOLxBO7DSpprxfhU40prqc5fqoX82cH9nBWRmYZatizQCXiZ2TMsjRHJgfzjDEMSeBwgxJ2bOtSLkJEopiRtKSE0sSITxBI9LTNECcSDeZHZjCE60MoR8K/QIFZ+rviQRxKafc050cqbFc9DLxP68XK//CTWgQxYoEeL7IjxlUIczSgkMqCFZsqgnCguq/QjxGOhWlMy3pEOzFk5dJu1qxa5Xa7Xm5cZXHUQRH4BicAhvUQQPcgCZoAQwewBN4Aa/Go/FsvBnv89aCkc8cgj8wvr4BZhyhTQ==</latexit>

V =
1

2
m2ω2 +

g2

2
ω2ε2

<latexit sha1_base64="loSoEmpXxiRqCDVDHlWBGXA1/Zk=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgQkKiUnUhFN24rGAf0IQwmU7boTPJMDMRSujCjb/ixoUibv0Id/6N0zYLbT1w4XDOvdx7TyQYVdp1v63C0vLK6lpxvbSxubW9Y+/uNVWSSkwaOGGJbEdIEUZj0tBUM9IWkiAeMdKKhjcTv/VApKJJfK9HggQc9WPaoxhpI4V22RcDGrrwCrqOd3kK/WMeZr7kULBxaFdcx50CLhIvJxWQox7aX343wSknscYMKdXxXKGDDElNMSPjkp8qIhAeoj7pGBojTlSQTZ8Yw0OjdGEvkaZiDafq74kMcaVGPDKdHOmBmvcm4n9eJ9W9iyCjsUg1ifFsUS9lUCdwkgjsUkmwZiNDEJbU3ArxAEmEtcmtZELw5l9eJM0Tx6s61buzSu06j6MIyuAAHAEPnIMauAV10AAYPIJn8ArerCfrxXq3PmatBSuf2Qd/YH3+AF/1lgs=</latexit>

ω0 = 0.193mpl

<latexit sha1_base64="2gYpyyQen67bJFiIllsOx/9MOa4=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRcaEhKqW6EohuXFewDmhAm00k7dCYJMxOhhHyBG3/FjQtF3Lp25984bbPQ1gMXDufce2fuCRJGpbLtb2NldW19Y7O0Vd7e2d3bNw8OOzJOBSZtHLNY9AIkCaMRaSuqGOklgiAeMNINxjdTv/tAhKRxdK8mCfE4GkY0pBgpLflm1R3EKnOTEc19G17Bc9ty6jX3jENdfuYKDhOW+2bFtuwZ4DJxClIBBVq++aX34pSTSGGGpOw7dqK8DAlFMSN52U0lSRAeoyHpaxohTqSXzc7JYVUrAxjGQlek4Ez9PZEhLuWEB7qTIzWSi95U/M/rpyq89DIaJakiEZ4/FKYMqhhOs4EDKghWbKIJwoLqv0I8QgJhpRMs6xCcxZOXSadmOQ2rcVevNK+LOErgGJyAU+CAC9AEt6AF2gCDR/AMXsGb8WS8GO/Gx7x1xShmjsAfGJ8/6uqaJg==</latexit>

ω̇0 = →0.142mmpl
<latexit sha1_base64="/79ZAaov8Yl8rS9W1LC2za5PCDU=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHcGJJSqhuh6MZlBfuAJobJdNIOnUnCzEQoITs3/oobF4q49Rfc+TdO2yy09cCFwzn3ztx7goRRqWz721haXlldWy9tlDe3tnd2zb39toxTgUkLxywW3QBJwmhEWooqRrqJIIgHjHSC0fXE7zwQIWkc3alxQjyOBhENKUZKS7555PZjlbnJkOa+fZ+5gsNE5PASntmWU6v6ZsW27CngInEKUgEFmr75pR/EKSeRwgxJ2XPsRHkZEopiRvKym0qSIDxCA9LTNEKcSC+b3pHDE630YRgLXZGCU/X3RIa4lGMe6E6O1FDOexPxP6+XqvDCy2iUpIpEePZRmDKoYjgJBfapIFixsSYIC6p3hXiIBMJKR1fWITjzJy+SdtVy6lb9tlZpXBVxlMAhOAanwAHnoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWeuSUcwcgD8wPn8AoreX2w==</latexit>

ω̇pr
0 = →0.142

<latexit sha1_base64="Nfj5IeCcJdRIsOhIw0Ga2qfk0Bw=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXIVEpepCKLpxWcE+oIlhMp20Q2eSYWYilJCNv+LGhSJu/Qx3/o3Tx0JbD1w4nHMv994TCUaVdt1va2FxaXlltbRWXt/Y3Nq2d3abKs0kJg2cslS2I6QIowlpaKoZaQtJEI8YaUWDm5HfeiRS0TS510NBAo56CY0pRtpIob3viz4N3YfclxwKWcAr6Dre5WloV1zHHQPOE29KKmCKemh/+d0UZ5wkGjOkVMdzhQ5yJDXFjBRlP1NEIDxAPdIxNEGcqCAfP1DAI6N0YZxKU4mGY/X3RI64UkMemU6OdF/NeiPxP6+T6fgiyGkiMk0SPFkUZwzqFI7SgF0qCdZsaAjCkppbIe4jibA2mZVNCN7sy/OkeeJ4Vad6d1apXU/jKIEDcAiOgQfOQQ3cgjpoAAwK8AxewZv1ZL1Y79bHpHXBms7sgT+wPn8AJJyU0w==</latexit>

ωpr
0 = 0.193



The physical choices inform the numerical
…but they do not define them

• For vanilla preheating, we find


• Which means that we should think about


• BUT: this only suggests that the physics we’re interested in are on this scale, 
and that choices of  or  should give similar phenomenologyLpr = 10 Lpr = 0.5

<latexit sha1_base64="i+m+Zzb7nZlmRBaCyb57xpriHDQ=">AAACCXicbZC7TsMwFIadcivlFmBksaiQmKIElQJbBUvHItGL1ESR47qtVTuxbAdRRV1ZeBUWBhBi5Q3YeBvcNgO0/JKlT/85R8fnjwSjSrvut1VYWV1b3yhulra2d3b37P2DlkpSiUkTJyyRnQgpwmhMmppqRjpCEsQjRtrR6GZab98TqWgS3+mxIAFHg5j2KUbaWKEN62HmSw6FnEAfCSGTB+g6lSvoK8oNnYd22XXcmeAyeDmUQa5GaH/5vQSnnMQaM6RU13OFDjIkNcWMTEp+qohAeIQGpGswRpyoIJtdMoEnxunBfiLNizWcub8nMsSVGvPIdHKkh2qxNjX/q3VT3b8MMhqLVJMYzxf1UwZ1AqexwB6VBGs2NoCwpOavEA+RRFib8EomBG/x5GVonTle1aneVsq16zyOIjgCx+AUeOAC1EAdNEATYPAInsEreLOerBfr3fqYtxasfOYQ/JH1+QOB1ZhL</latexit>

Hpr → 0.49 ↑ 0.5

<latexit sha1_base64="WICZCOh5iCaVLyLvCOc07Pw7E3M=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJIi1WPRiwcPFewHNCFstpt26W4SdjdiCf0rXjwo4tU/4s1/47bNQVsfDDzem2FmXphyprTjfFtr6xubW9ulnfLu3v7BoX1U6agkk4S2ScIT2QuxopzFtK2Z5rSXSopFyGk3HN/M/O4jlYol8YOepNQXeBiziBGsjRTYlbsg96RAqZwiTzGB6iiwq07NmQOtErcgVSjQCuwvb5CQTNBYE46V6rtOqv0cS80Ip9OylymaYjLGQ9o3NMaCKj+f3z5FZ0YZoCiRpmKN5urviRwLpSYiNJ0C65Fa9mbif14/09GVn7M4zTSNyWJRlHGkEzQLAg2YpETziSGYSGZuRWSEJSbaxFU2IbjLL6+STr3mNmqN+4tq87qIowQncArn4MIlNOEWWtAGAk/wDK/wZk2tF+vd+li0rlnFzDH8gfX5A5Quk4E=</latexit>

Lpr → 2



Basic Numerical Parameters

<latexit sha1_base64="BkZirS3xLJHdCVdDDlMDKbxoLwk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCnG4zb</latexit>

L

<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

<latexit sha1_base64="1dTygVycwI1w8D642Lp2oZaBsu0=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyUpUr0IRS8ePFSwrdCEsNlu2qW7m7C7EUrIxYt/xYsHRbz6H7z5b9y2OWjrg4HHezPMzAsTRpV2nG+rtLS8srpWXq9sbG5t79i7ex0VpxKTNo5ZLO9DpAijgrQ11YzcJ5IgHjLSDUdXE7/7QKSisbjT44T4HA0EjShG2kiBfTgKMk9yyKnI4QX0IolwVvcSmmc3eWBXnZozBVwkbkGqoEArsL+8foxTToTGDCnVc51E+xmSmmJG8oqXKpIgPEID0jNUIE6Un02/yOGxUfowiqUpoeFU/T2RIa7UmIemkyM9VPPeRPzP66U6OvczKpJUE4Fni6KUQR3DSSSwTyXBmo0NQVhScyvEQ2SC0Ca4ignBnX95kXTqNbdRa9yeVpuXRRxlcACOwAlwwRlogmvQAm2AwSN4Bq/gzXqyXqx362PWWrKKmX3wB9bnD/+QmEc=</latexit>

kmin =
2ω

L

<latexit sha1_base64="HiDmXOtCfnsN+ktWu/KTIxEXWp4=">AAACGHicbVDLSgMxFM34rPU16tJNsAiu6kyV6kYounEhUsE+oDOUTJppQ5OZMcmIJcxnuPFX3LhQxG13/o3pY6GtBy4czrmXe+8JEkalcpxva2FxaXllNbeWX9/Y3Nq2d3brMk4FJjUcs1g0AyQJoxGpKaoYaSaCIB4w0gj6VyO/8UiEpHF0rwYJ8TnqRjSkGCkjte3jflt7gkOOnjJ4Ab1QIKw9+SCUPsluM13KJlLJS2imb7K2XXCKzhhwnrhTUgBTVNv20OvEOOUkUpghKVuukyhfI6EoZiTLe6kkCcJ91CUtQyPEifT1+LEMHhqlA8NYmIoUHKu/JzTiUg54YDo5Uj05643E/7xWqsJzX9MoSRWJ8GRRmDKoYjhKCXaoIFixgSEIC2puhbiHTBDKZJk3IbizL8+Teqnolovlu9NC5XIaRw7sgwNwBFxwBirgGlRBDWDwDF7BO/iwXqw369P6mrQuWNOZPfAH1vAHizGgwA==</latexit>

kmax =

→
3N

2

2ω

L

<latexit sha1_base64="6SvUenOpjIm7SpLWd7ndPpXt33E=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2VGpLoRim5cuKhgH9AZhkwm04YmmSHJiGUo+CtuXCji1u9w59+YtrPQ1gOBwznncm9OmDKqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqySTmLRwwhLZDZEijArS0lQz0k0lQTxkpBMOryd+54FIRRNxr0cp8TnqCxpTjLSRAvvAYyYcoSD3JIccPY7hJbwN7KpTc6aAi8QtSBUUaAb2lxclOONEaMyQUj3XSbWfI6kpZmRc8TJFUoSHqE96hgrEifLz6fljeGyUCMaJNE9oOFV/T+SIKzXioUlypAdq3puI/3m9TMcXfk5Fmmki8GxRnDGoEzjpAkZUEqzZyBCEJTW3QjxAEmFtGquYEtz5Ly+S9mnNrdfqd2fVxlVRRxkcgiNwAlxwDhrgBjRBC2CQg2fwCt6sJ+vFerc+ZtGSVczsgz+wPn8APGeVBg==</latexit>

ωmax = L

<latexit sha1_base64="hT9rbkdwd7C6y1PSAO3LToV0QhY="></latexit>

ωmin =
L

N

2→
3
↑ !x



So what should L be?
…what it needs to be

• You have to vary  and  (among others) to ensure that the physics you are 
looking for is independent of these choices.


• This is known as a convergence test — that the physics converges as the 
simulation more closely approximates the continuum


• This step is crucial to convince us that the simulations are predicting 
outcomes from the continuum theory.  


• Regardless of any other measure (e.g. energy conservation), you must 
show convergence if we are to believe that the discrete system 
approximates the continuum.

L N



And of course, Δt

• The Courant–Friedrichs–Lewy (or just Courant) Condition give guidance as to 
how small your timestep should be


• Basically, you need enough time resolution to resolve the fastest-oscillating 
mode, e.g.


• But, we probably knew that already.  This guidance is only a place to start; 
you still have to run a timestep convergence test to ensure that the timestep 
is small enough.

<latexit sha1_base64="zEzZs9qLjov6RCRVM4yaZU6tkmQ="></latexit>

dt ↭ T ↭ 2ω

εmax
= 2ω

2
→
3

1

2ω

L

N
O(1)↑!x



Even when you win, it might only be temporary
…consider vanilla preheating

<latexit sha1_base64="/hpyEP8zEArbU1pE/I7TJHbtQ3I=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahHiy7ItVj0YvHCvYD27Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5up33qiSrNI3ptxTH2BB5KFjGBjpQeDyuIxPfMmp71iya24M6Bl4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVGJBtZ/OLp6gE6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dJTHjlp0zGiaGSzBeFCUcmQtP3UZ8pSgwfW4KJYvZWRIZYYWJsSAUbgrf48jJpnle8aqV6d1GqXWdx5OEIjqEMHlxCDW6hDg0gIOEZXuHN0c6L8+58zFtzTjZzCH/gfP4AI4uP7w==</latexit>

t(m→1)

<latexit sha1_base64="i75RXvnqMBymVmR/m/lRi0t/A10=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARdGGZKVJdFt24rGAv0E5LJj3ThmYyQ5IRSukzuPFV3LhQxK0rd76NaTuKtv4Q+PnOOZyc3485U9pxPq3M0vLK6lp2PbexubW9Y+/u1VSUSApVGvFINnyigDMBVc00h0YsgYQ+h7o/uJrU63cgFYvErR7G4IWkJ1jAKNEGdeyTFieixwEH7WJLzuwp/oH4m7WLHTvvFJyp8KJxU5NHqSod+6PVjWgSgtCUE6WarhNrb0SkZpTDONdKFMSEDkgPmsYKEoLyRtOTxvjIkC4OImme0HhKf0+MSKjUMPRNZ0h0X83XJvC/WjPRwYU3YiJONAg6WxQkHOsIT/LBXSaBaj40hlDJzF8x7RNJqDYp5kwI7vzJi6ZWLLilQunmLF++TOPIogN0iI6Ri85RGV2jCqoiiu7RI3pGL9aD9WS9Wm+z1oyVzuyjP7LevwAGE5xx</latexit> →f
2
↑↓

→f
↑2

• This is a plot of the variance, 
bumpiness, of the fields as a 
function of time for the model/
parameters that come “shipped” 
with GABE


• This is the classic, ‘vanilla 
preheating’ model where we have 
the three stages of preheating


• So we can look at the modes 
(particle production) over the course 
of this run



Even when you win, it might only be temporary
…consider vanilla preheating

<latexit sha1_base64="/hpyEP8zEArbU1pE/I7TJHbtQ3I=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahHiy7ItVj0YvHCvYD27Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5up33qiSrNI3ptxTH2BB5KFjGBjpQeDyuIxPfMmp71iya24M6Bl4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVGJBtZ/OLp6gE6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dJTHjlp0zGiaGSzBeFCUcmQtP3UZ8pSgwfW4KJYvZWRIZYYWJsSAUbgrf48jJpnle8aqV6d1GqXWdx5OEIjqEMHlxCDW6hDg0gIOEZXuHN0c6L8+58zFtzTjZzCH/gfP4AI4uP7w==</latexit>

t(m→1)

<latexit sha1_base64="i75RXvnqMBymVmR/m/lRi0t/A10=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARdGGZKVJdFt24rGAv0E5LJj3ThmYyQ5IRSukzuPFV3LhQxK0rd76NaTuKtv4Q+PnOOZyc3485U9pxPq3M0vLK6lp2PbexubW9Y+/u1VSUSApVGvFINnyigDMBVc00h0YsgYQ+h7o/uJrU63cgFYvErR7G4IWkJ1jAKNEGdeyTFieixwEH7WJLzuwp/oH4m7WLHTvvFJyp8KJxU5NHqSod+6PVjWgSgtCUE6WarhNrb0SkZpTDONdKFMSEDkgPmsYKEoLyRtOTxvjIkC4OImme0HhKf0+MSKjUMPRNZ0h0X83XJvC/WjPRwYU3YiJONAg6WxQkHOsIT/LBXSaBaj40hlDJzF8x7RNJqDYp5kwI7vzJi6ZWLLilQunmLF++TOPIogN0iI6Ri85RGV2jCqoiiu7RI3pGL9aD9WS9Wm+z1oyVzuyjP7LevwAGE5xx</latexit> →f
2
↑↓

→f
↑2

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)

<latexit sha1_base64="q/MTp1uBxjXPgwqSUilifCGNjY0=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2W3SPVY1IPHCvYDtmvJpmkbmk2WZFYoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZF8aCG3Ddbye3tr6xuZXfLuzs7u0fFA+PWkYlmrImVULpTkgME1yyJnAQrBNrRqJQsHY4vpn57SemDVfyASYxCyIylHzAKQEr+d1bJoA8Vsvj816x5FbcOfAq8TJSQhkaveJXt69oEjEJVBBjfM+NIUiJBk4Fmxa6iWExoWMyZL6lkkTMBOn85Ck+s0ofD5S2JQHP1d8TKYmMmUSh7YwIjMyyNxP/8/wEBldBymWcAJN0sWiQCAwKz/7Hfa4ZBTGxhFDN7a2YjogmFGxKBRuCt/zyKmlVK16tUru/KNWvszjy6ASdojLy0CWqozvUQE1EkULP6BW9OeC8OO/Ox6I152Qzx+gPnM8fIlyQhQ==</latexit>

!2(k)



Even when you win, it might only be temporary
…consider vanilla preheating

<latexit sha1_base64="/hpyEP8zEArbU1pE/I7TJHbtQ3I=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahHiy7ItVj0YvHCvYD27Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5up33qiSrNI3ptxTH2BB5KFjGBjpQeDyuIxPfMmp71iya24M6Bl4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVGJBtZ/OLp6gE6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dJTHjlp0zGiaGSzBeFCUcmQtP3UZ8pSgwfW4KJYvZWRIZYYWJsSAUbgrf48jJpnle8aqV6d1GqXWdx5OEIjqEMHlxCDW6hDg0gIOEZXuHN0c6L8+58zFtzTjZzCH/gfP4AI4uP7w==</latexit>

t(m→1)

<latexit sha1_base64="i75RXvnqMBymVmR/m/lRi0t/A10=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARdGGZKVJdFt24rGAv0E5LJj3ThmYyQ5IRSukzuPFV3LhQxK0rd76NaTuKtv4Q+PnOOZyc3485U9pxPq3M0vLK6lp2PbexubW9Y+/u1VSUSApVGvFINnyigDMBVc00h0YsgYQ+h7o/uJrU63cgFYvErR7G4IWkJ1jAKNEGdeyTFieixwEH7WJLzuwp/oH4m7WLHTvvFJyp8KJxU5NHqSod+6PVjWgSgtCUE6WarhNrb0SkZpTDONdKFMSEDkgPmsYKEoLyRtOTxvjIkC4OImme0HhKf0+MSKjUMPRNZ0h0X83XJvC/WjPRwYU3YiJONAg6WxQkHOsIT/LBXSaBaj40hlDJzF8x7RNJqDYp5kwI7vzJi6ZWLLilQunmLF++TOPIogN0iI6Ri85RGV2jCqoiiu7RI3pGL9aD9WS9Wm+z1oyVzuyjP7LevwAGE5xx</latexit> →f
2
↑↓

→f
↑2

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)

<latexit sha1_base64="VT1NQrFUlm2xBoIy6N9CoUM8ssY=">AAACCHicbVDLSsNAFJ34rPUVdenCYBHqpiRFqsuiLlxWsA9oYplMb9qhk0mYmQgldOnGX3HjQhG3foI7/8ZJm4W2Hhg495x7uXOPHzMqlW1/G0vLK6tr64WN4ubW9s6uubffklEiCDRJxCLR8bEERjk0FVUMOrEAHPoM2v7oKvPbDyAkjfidGsfghXjAaUAJVlrqmUduIDBJ3WtgCt9Xy6PTSV707KzomSW7Yk9hLRInJyWUo9Ezv9x+RJIQuCIMS9l17Fh5KRaKEgaToptIiDEZ4QF0NeU4BOml00Mm1olW+lYQCf24sqbq74kUh1KOQ193hlgN5byXif953UQFF15KeZwo4GS2KEiYpSIrS8XqUwFEsbEmmAiq/2qRIdbJKJ1dUYfgzJ+8SFrVilOr1G7PSvXLPI4COkTHqIwcdI7q6AY1UBMR9Iie0St6M56MF+Pd+Ji1Lhn5zAH6A+PzB21imPc=</latexit>

!2(k)

!0(k)



Even when you win, it might only be temporary
…consider vanilla preheating

<latexit sha1_base64="/hpyEP8zEArbU1pE/I7TJHbtQ3I=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahHiy7ItVj0YvHCvYD27Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5up33qiSrNI3ptxTH2BB5KFjGBjpQeDyuIxPfMmp71iya24M6Bl4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVGJBtZ/OLp6gE6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dJTHjlp0zGiaGSzBeFCUcmQtP3UZ8pSgwfW4KJYvZWRIZYYWJsSAUbgrf48jJpnle8aqV6d1GqXWdx5OEIjqEMHlxCDW6hDg0gIOEZXuHN0c6L8+58zFtzTjZzCH/gfP4AI4uP7w==</latexit>

t(m→1)

<latexit sha1_base64="i75RXvnqMBymVmR/m/lRi0t/A10=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARdGGZKVJdFt24rGAv0E5LJj3ThmYyQ5IRSukzuPFV3LhQxK0rd76NaTuKtv4Q+PnOOZyc3485U9pxPq3M0vLK6lp2PbexubW9Y+/u1VSUSApVGvFINnyigDMBVc00h0YsgYQ+h7o/uJrU63cgFYvErR7G4IWkJ1jAKNEGdeyTFieixwEH7WJLzuwp/oH4m7WLHTvvFJyp8KJxU5NHqSod+6PVjWgSgtCUE6WarhNrb0SkZpTDONdKFMSEDkgPmsYKEoLyRtOTxvjIkC4OImme0HhKf0+MSKjUMPRNZ0h0X83XJvC/WjPRwYU3YiJONAg6WxQkHOsIT/LBXSaBaj40hlDJzF8x7RNJqDYp5kwI7vzJi6ZWLLilQunmLF++TOPIogN0iI6Ri85RGV2jCqoiiu7RI3pGL9aD9WS9Wm+z1oyVzuyjP7LevwAGE5xx</latexit> →f
2
↑↓

→f
↑2

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)

<latexit sha1_base64="VT1NQrFUlm2xBoIy6N9CoUM8ssY=">AAACCHicbVDLSsNAFJ34rPUVdenCYBHqpiRFqsuiLlxWsA9oYplMb9qhk0mYmQgldOnGX3HjQhG3foI7/8ZJm4W2Hhg495x7uXOPHzMqlW1/G0vLK6tr64WN4ubW9s6uubffklEiCDRJxCLR8bEERjk0FVUMOrEAHPoM2v7oKvPbDyAkjfidGsfghXjAaUAJVlrqmUduIDBJ3WtgCt9Xy6PTSV707KzomSW7Yk9hLRInJyWUo9Ezv9x+RJIQuCIMS9l17Fh5KRaKEgaToptIiDEZ4QF0NeU4BOml00Mm1olW+lYQCf24sqbq74kUh1KOQ193hlgN5byXif953UQFF15KeZwo4GS2KEiYpSIrS8XqUwFEsbEmmAiq/2qRIdbJKJ1dUYfgzJ+8SFrVilOr1G7PSvXLPI4COkTHqIwcdI7q6AY1UBMR9Iie0St6M56MF+Pd+Ji1Lhn5zAH6A+PzB21imPc=</latexit>

!2(k)

!0(k)



Even when you win, it might only be temporary
…consider vanilla preheating

<latexit sha1_base64="/hpyEP8zEArbU1pE/I7TJHbtQ3I=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahHiy7ItVj0YvHCvYD27Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5up33qiSrNI3ptxTH2BB5KFjGBjpQeDyuIxPfMmp71iya24M6Bl4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVGJBtZ/OLp6gE6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dJTHjlp0zGiaGSzBeFCUcmQtP3UZ8pSgwfW4KJYvZWRIZYYWJsSAUbgrf48jJpnle8aqV6d1GqXWdx5OEIjqEMHlxCDW6hDg0gIOEZXuHN0c6L8+58zFtzTjZzCH/gfP4AI4uP7w==</latexit>

t(m→1)

<latexit sha1_base64="i75RXvnqMBymVmR/m/lRi0t/A10=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARdGGZKVJdFt24rGAv0E5LJj3ThmYyQ5IRSukzuPFV3LhQxK0rd76NaTuKtv4Q+PnOOZyc3485U9pxPq3M0vLK6lp2PbexubW9Y+/u1VSUSApVGvFINnyigDMBVc00h0YsgYQ+h7o/uJrU63cgFYvErR7G4IWkJ1jAKNEGdeyTFieixwEH7WJLzuwp/oH4m7WLHTvvFJyp8KJxU5NHqSod+6PVjWgSgtCUE6WarhNrb0SkZpTDONdKFMSEDkgPmsYKEoLyRtOTxvjIkC4OImme0HhKf0+MSKjUMPRNZ0h0X83XJvC/WjPRwYU3YiJONAg6WxQkHOsIT/LBXSaBaj40hlDJzF8x7RNJqDYp5kwI7vzJi6ZWLLilQunmLF++TOPIogN0iI6Ri85RGV2jCqoiiu7RI3pGL9aD9WS9Wm+z1oyVzuyjP7LevwAGE5xx</latexit> →f
2
↑↓

→f
↑2

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)

<latexit sha1_base64="VT1NQrFUlm2xBoIy6N9CoUM8ssY=">AAACCHicbVDLSsNAFJ34rPUVdenCYBHqpiRFqsuiLlxWsA9oYplMb9qhk0mYmQgldOnGX3HjQhG3foI7/8ZJm4W2Hhg495x7uXOPHzMqlW1/G0vLK6tr64WN4ubW9s6uubffklEiCDRJxCLR8bEERjk0FVUMOrEAHPoM2v7oKvPbDyAkjfidGsfghXjAaUAJVlrqmUduIDBJ3WtgCt9Xy6PTSV707KzomSW7Yk9hLRInJyWUo9Ezv9x+RJIQuCIMS9l17Fh5KRaKEgaToptIiDEZ4QF0NeU4BOml00Mm1olW+lYQCf24sqbq74kUh1KOQ193hlgN5byXif953UQFF15KeZwo4GS2KEiYpSIrS8XqUwFEsbEmmAiq/2qRIdbJKJ1dUYfgzJ+8SFrVilOr1G7PSvXLPI4COkTHqIwcdI7q6AY1UBMR9Iie0St6M56MF+Pd+Ji1Lhn5zAH6A+PzB21imPc=</latexit>

!2(k)

!0(k)



Even when you win, it might only be temporary
…consider vanilla preheating

<latexit sha1_base64="/hpyEP8zEArbU1pE/I7TJHbtQ3I=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahHiy7ItVj0YvHCvYD27Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5up33qiSrNI3ptxTH2BB5KFjGBjpQeDyuIxPfMmp71iya24M6Bl4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVGJBtZ/OLp6gE6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dJTHjlp0zGiaGSzBeFCUcmQtP3UZ8pSgwfW4KJYvZWRIZYYWJsSAUbgrf48jJpnle8aqV6d1GqXWdx5OEIjqEMHlxCDW6hDg0gIOEZXuHN0c6L8+58zFtzTjZzCH/gfP4AI4uP7w==</latexit>

t(m→1)

<latexit sha1_base64="i75RXvnqMBymVmR/m/lRi0t/A10=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARdGGZKVJdFt24rGAv0E5LJj3ThmYyQ5IRSukzuPFV3LhQxK0rd76NaTuKtv4Q+PnOOZyc3485U9pxPq3M0vLK6lp2PbexubW9Y+/u1VSUSApVGvFINnyigDMBVc00h0YsgYQ+h7o/uJrU63cgFYvErR7G4IWkJ1jAKNEGdeyTFieixwEH7WJLzuwp/oH4m7WLHTvvFJyp8KJxU5NHqSod+6PVjWgSgtCUE6WarhNrb0SkZpTDONdKFMSEDkgPmsYKEoLyRtOTxvjIkC4OImme0HhKf0+MSKjUMPRNZ0h0X83XJvC/WjPRwYU3YiJONAg6WxQkHOsIT/LBXSaBaj40hlDJzF8x7RNJqDYp5kwI7vzJi6ZWLLilQunmLF++TOPIogN0iI6Ri85RGV2jCqoiiu7RI3pGL9aD9WS9Wm+z1oyVzuyjP7LevwAGE5xx</latexit> →f
2
↑↓

→f
↑2

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)

<latexit sha1_base64="VT1NQrFUlm2xBoIy6N9CoUM8ssY=">AAACCHicbVDLSsNAFJ34rPUVdenCYBHqpiRFqsuiLlxWsA9oYplMb9qhk0mYmQgldOnGX3HjQhG3foI7/8ZJm4W2Hhg495x7uXOPHzMqlW1/G0vLK6tr64WN4ubW9s6uubffklEiCDRJxCLR8bEERjk0FVUMOrEAHPoM2v7oKvPbDyAkjfidGsfghXjAaUAJVlrqmUduIDBJ3WtgCt9Xy6PTSV707KzomSW7Yk9hLRInJyWUo9Ezv9x+RJIQuCIMS9l17Fh5KRaKEgaToptIiDEZ4QF0NeU4BOml00Mm1olW+lYQCf24sqbq74kUh1KOQ193hlgN5byXif953UQFF15KeZwo4GS2KEiYpSIrS8XqUwFEsbEmmAiq/2qRIdbJKJ1dUYfgzJ+8SFrVilOr1G7PSvXLPI4COkTHqIwcdI7q6AY1UBMR9Iie0St6M56MF+Pd+Ji1Lhn5zAH6A+PzB21imPc=</latexit>

!2(k)

!0(k)



Once power gets into those high modes

• Remember that gravitational waves


• Are sourced by non-linear combinations of derivatives,


• They are very sensitive to any errors in high-frequency modes!

<latexit sha1_base64="upuZm4e1oBm2/Kpe2X9HsbW/OGY="></latexit>

ḧij + 3Hḣij �r2
hij =

18⇡G

a2
S
TT
ij

<latexit sha1_base64="uoAEpklujmM+ztmdSN91fubgWoc=">AAACE3icbVDLSgMxFM3UV62vUZdugkUQF2VGpLosunFZ0T6gMwyZNG3TJpkhyQhl6D+48VfcuFDErRt3/o2ZdkBtPRA495x7k9wTxowq7ThfVmFpeWV1rbhe2tjc2t6xd/eaKkokJg0csUi2Q6QIo4I0NNWMtGNJEA8ZaYWjq8xv3ROpaCTu9DgmPkd9QXsUI22kwD65DVI6nEBPUQ69GElNEQuoFw/oTzmEWR3YZafiTAEXiZuTMshRD+xPrxvhhBOhMUNKdVwn1n6aXYoZmZS8RJEY4RHqk46hAnGi/HS60wQeGaULe5E0R2g4VX9PpIgrNeah6eRID9S8l4n/eZ1E9y78lIo40UTg2UO9hEEdwSwg2KWSYM3GhiAsqfkrxAMkEdYmxpIJwZ1feZE0TytutVK9OSvXLvM4iuAAHIJj4IJzUAPXoA4aAIMH8ARewKv1aD1bb9b7rLVg5TP74A+sj28mP55Z</latexit>

Sij ⇠ @i�@j�



Even when you win, it might only be temporary
…consider vanilla preheating…with gravitational waves

<latexit sha1_base64="/hpyEP8zEArbU1pE/I7TJHbtQ3I=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahHiy7ItVj0YvHCvYD27Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5up33qiSrNI3ptxTH2BB5KFjGBjpQeDyuIxPfMmp71iya24M6Bl4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVGJBtZ/OLp6gE6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dJTHjlp0zGiaGSzBeFCUcmQtP3UZ8pSgwfW4KJYvZWRIZYYWJsSAUbgrf48jJpnle8aqV6d1GqXWdx5OEIjqEMHlxCDW6hDg0gIOEZXuHN0c6L8+58zFtzTjZzCH/gfP4AI4uP7w==</latexit>

t(m→1)

<latexit sha1_base64="i75RXvnqMBymVmR/m/lRi0t/A10=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARdGGZKVJdFt24rGAv0E5LJj3ThmYyQ5IRSukzuPFV3LhQxK0rd76NaTuKtv4Q+PnOOZyc3485U9pxPq3M0vLK6lp2PbexubW9Y+/u1VSUSApVGvFINnyigDMBVc00h0YsgYQ+h7o/uJrU63cgFYvErR7G4IWkJ1jAKNEGdeyTFieixwEH7WJLzuwp/oH4m7WLHTvvFJyp8KJxU5NHqSod+6PVjWgSgtCUE6WarhNrb0SkZpTDONdKFMSEDkgPmsYKEoLyRtOTxvjIkC4OImme0HhKf0+MSKjUMPRNZ0h0X83XJvC/WjPRwYU3YiJONAg6WxQkHOsIT/LBXSaBaj40hlDJzF8x7RNJqDYp5kwI7vzJi6ZWLLilQunmLF++TOPIogN0iI6Ri85RGV2jCqoiiu7RI3pGL9aD9WS9Wm+z1oyVzuyjP7LevwAGE5xx</latexit> →f
2
↑↓

→f
↑2

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)

<latexit sha1_base64="PZKtb4SElqDW9mF+Qlk1GIEAweE=">AAAB+nicbVDLTgIxFO3gC/E16NJNIzHBDZkhBl0S3bgTE3kkME46pQMNbWfSdiRk5FPcuNAYt36JO//GArNQ8CQ3OTnn3tx7TxAzqrTjfFu5tfWNza38dmFnd2//wC4etlSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORtczv/1IpKKRuNeTmHgcDQQNKUbaSL5d7N1yMkB+OhhPhw/V8ujMt0tOxZkDrhI3IyWQoeHbX71+hBNOhMYMKdV1nVh7KZKaYkamhV6iSIzwCA1I11CBOFFeOj99Ck+N0odhJE0JDefq74kUcaUmPDCdHOmhWvZm4n9eN9HhpZdSESeaCLxYFCYM6gjOcoB9KgnWbGIIwpKaWyEeIomwNmkVTAju8surpFWtuLVK7e68VL/K4siDY3ACysAFF6AObkADNAEGY/AMXsGb9WS9WO/Wx6I1Z2UzR+APrM8fjjKTjg==</latexit>

!gwh
2(k)

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)

<latexit sha1_base64="VT1NQrFUlm2xBoIy6N9CoUM8ssY=">AAACCHicbVDLSsNAFJ34rPUVdenCYBHqpiRFqsuiLlxWsA9oYplMb9qhk0mYmQgldOnGX3HjQhG3foI7/8ZJm4W2Hhg495x7uXOPHzMqlW1/G0vLK6tr64WN4ubW9s6uubffklEiCDRJxCLR8bEERjk0FVUMOrEAHPoM2v7oKvPbDyAkjfidGsfghXjAaUAJVlrqmUduIDBJ3WtgCt9Xy6PTSV707KzomSW7Yk9hLRInJyWUo9Ezv9x+RJIQuCIMS9l17Fh5KRaKEgaToptIiDEZ4QF0NeU4BOml00Mm1olW+lYQCf24sqbq74kUh1KOQ193hlgN5byXif953UQFF15KeZwo4GS2KEiYpSIrS8XqUwFEsbEmmAiq/2qRIdbJKJ1dUYfgzJ+8SFrVilOr1G7PSvXLPI4COkTHqIwcdI7q6AY1UBMR9Iie0St6M56MF+Pd+Ji1Lhn5zAH6A+PzB21imPc=</latexit>

!2(k)

!0(k)



Even when you win, it might only be temporary
…consider vanilla preheating…with gravitational waves

<latexit sha1_base64="/hpyEP8zEArbU1pE/I7TJHbtQ3I=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahHiy7ItVj0YvHCvYD27Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5up33qiSrNI3ptxTH2BB5KFjGBjpQeDyuIxPfMmp71iya24M6Bl4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVGJBtZ/OLp6gE6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dJTHjlp0zGiaGSzBeFCUcmQtP3UZ8pSgwfW4KJYvZWRIZYYWJsSAUbgrf48jJpnle8aqV6d1GqXWdx5OEIjqEMHlxCDW6hDg0gIOEZXuHN0c6L8+58zFtzTjZzCH/gfP4AI4uP7w==</latexit>

t(m→1)

<latexit sha1_base64="i75RXvnqMBymVmR/m/lRi0t/A10=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARdGGZKVJdFt24rGAv0E5LJj3ThmYyQ5IRSukzuPFV3LhQxK0rd76NaTuKtv4Q+PnOOZyc3485U9pxPq3M0vLK6lp2PbexubW9Y+/u1VSUSApVGvFINnyigDMBVc00h0YsgYQ+h7o/uJrU63cgFYvErR7G4IWkJ1jAKNEGdeyTFieixwEH7WJLzuwp/oH4m7WLHTvvFJyp8KJxU5NHqSod+6PVjWgSgtCUE6WarhNrb0SkZpTDONdKFMSEDkgPmsYKEoLyRtOTxvjIkC4OImme0HhKf0+MSKjUMPRNZ0h0X83XJvC/WjPRwYU3YiJONAg6WxQkHOsIT/LBXSaBaj40hlDJzF8x7RNJqDYp5kwI7vzJi6ZWLLilQunmLF++TOPIogN0iI6Ri85RGV2jCqoiiu7RI3pGL9aD9WS9Wm+z1oyVzuyjP7LevwAGE5xx</latexit> →f
2
↑↓

→f
↑2

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)

<latexit sha1_base64="VT1NQrFUlm2xBoIy6N9CoUM8ssY=">AAACCHicbVDLSsNAFJ34rPUVdenCYBHqpiRFqsuiLlxWsA9oYplMb9qhk0mYmQgldOnGX3HjQhG3foI7/8ZJm4W2Hhg495x7uXOPHzMqlW1/G0vLK6tr64WN4ubW9s6uubffklEiCDRJxCLR8bEERjk0FVUMOrEAHPoM2v7oKvPbDyAkjfidGsfghXjAaUAJVlrqmUduIDBJ3WtgCt9Xy6PTSV707KzomSW7Yk9hLRInJyWUo9Ezv9x+RJIQuCIMS9l17Fh5KRaKEgaToptIiDEZ4QF0NeU4BOml00Mm1olW+lYQCf24sqbq74kUh1KOQ193hlgN5byXif953UQFF15KeZwo4GS2KEiYpSIrS8XqUwFEsbEmmAiq/2qRIdbJKJ1dUYfgzJ+8SFrVilOr1G7PSvXLPI4COkTHqIwcdI7q6AY1UBMR9Iie0St6M56MF+Pd+Ji1Lhn5zAH6A+PzB21imPc=</latexit>

!2(k)

!0(k)

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)
<latexit sha1_base64="PZKtb4SElqDW9mF+Qlk1GIEAweE=">AAAB+nicbVDLTgIxFO3gC/E16NJNIzHBDZkhBl0S3bgTE3kkME46pQMNbWfSdiRk5FPcuNAYt36JO//GArNQ8CQ3OTnn3tx7TxAzqrTjfFu5tfWNza38dmFnd2//wC4etlSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORtczv/1IpKKRuNeTmHgcDQQNKUbaSL5d7N1yMkB+OhhPhw/V8ujMt0tOxZkDrhI3IyWQoeHbX71+hBNOhMYMKdV1nVh7KZKaYkamhV6iSIzwCA1I11CBOFFeOj99Ck+N0odhJE0JDefq74kUcaUmPDCdHOmhWvZm4n9eN9HhpZdSESeaCLxYFCYM6gjOcoB9KgnWbGIIwpKaWyEeIomwNmkVTAju8surpFWtuLVK7e68VL/K4siDY3ACysAFF6AObkADNAEGY/AMXsGb9WS9WO/Wx6I1Z2UzR+APrM8fjjKTjg==</latexit>

!gwh
2(k)



Even when you win, it might only be temporary
…consider vanilla preheating…with gravitational waves

<latexit sha1_base64="/hpyEP8zEArbU1pE/I7TJHbtQ3I=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahHiy7ItVj0YvHCvYD27Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5up33qiSrNI3ptxTH2BB5KFjGBjpQeDyuIxPfMmp71iya24M6Bl4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVGJBtZ/OLp6gE6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dJTHjlp0zGiaGSzBeFCUcmQtP3UZ8pSgwfW4KJYvZWRIZYYWJsSAUbgrf48jJpnle8aqV6d1GqXWdx5OEIjqEMHlxCDW6hDg0gIOEZXuHN0c6L8+58zFtzTjZzCH/gfP4AI4uP7w==</latexit>

t(m→1)

<latexit sha1_base64="i75RXvnqMBymVmR/m/lRi0t/A10=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARdGGZKVJdFt24rGAv0E5LJj3ThmYyQ5IRSukzuPFV3LhQxK0rd76NaTuKtv4Q+PnOOZyc3485U9pxPq3M0vLK6lp2PbexubW9Y+/u1VSUSApVGvFINnyigDMBVc00h0YsgYQ+h7o/uJrU63cgFYvErR7G4IWkJ1jAKNEGdeyTFieixwEH7WJLzuwp/oH4m7WLHTvvFJyp8KJxU5NHqSod+6PVjWgSgtCUE6WarhNrb0SkZpTDONdKFMSEDkgPmsYKEoLyRtOTxvjIkC4OImme0HhKf0+MSKjUMPRNZ0h0X83XJvC/WjPRwYU3YiJONAg6WxQkHOsIT/LBXSaBaj40hlDJzF8x7RNJqDYp5kwI7vzJi6ZWLLilQunmLF++TOPIogN0iI6Ri85RGV2jCqoiiu7RI3pGL9aD9WS9Wm+z1oyVzuyjP7LevwAGE5xx</latexit> →f
2
↑↓

→f
↑2

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)

<latexit sha1_base64="VT1NQrFUlm2xBoIy6N9CoUM8ssY=">AAACCHicbVDLSsNAFJ34rPUVdenCYBHqpiRFqsuiLlxWsA9oYplMb9qhk0mYmQgldOnGX3HjQhG3foI7/8ZJm4W2Hhg495x7uXOPHzMqlW1/G0vLK6tr64WN4ubW9s6uubffklEiCDRJxCLR8bEERjk0FVUMOrEAHPoM2v7oKvPbDyAkjfidGsfghXjAaUAJVlrqmUduIDBJ3WtgCt9Xy6PTSV707KzomSW7Yk9hLRInJyWUo9Ezv9x+RJIQuCIMS9l17Fh5KRaKEgaToptIiDEZ4QF0NeU4BOml00Mm1olW+lYQCf24sqbq74kUh1KOQ193hlgN5byXif953UQFF15KeZwo4GS2KEiYpSIrS8XqUwFEsbEmmAiq/2qRIdbJKJ1dUYfgzJ+8SFrVilOr1G7PSvXLPI4COkTHqIwcdI7q6AY1UBMR9Iie0St6M56MF+Pd+Ji1Lhn5zAH6A+PzB21imPc=</latexit>

!2(k)

!0(k)

<latexit sha1_base64="PZKtb4SElqDW9mF+Qlk1GIEAweE=">AAAB+nicbVDLTgIxFO3gC/E16NJNIzHBDZkhBl0S3bgTE3kkME46pQMNbWfSdiRk5FPcuNAYt36JO//GArNQ8CQ3OTnn3tx7TxAzqrTjfFu5tfWNza38dmFnd2//wC4etlSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORtczv/1IpKKRuNeTmHgcDQQNKUbaSL5d7N1yMkB+OhhPhw/V8ujMt0tOxZkDrhI3IyWQoeHbX71+hBNOhMYMKdV1nVh7KZKaYkamhV6iSIzwCA1I11CBOFFeOj99Ck+N0odhJE0JDefq74kUcaUmPDCdHOmhWvZm4n9eN9HhpZdSESeaCLxYFCYM6gjOcoB9KgnWbGIIwpKaWyEeIomwNmkVTAju8surpFWtuLVK7e68VL/K4siDY3ACysAFF6AObkADNAEGY/AMXsGb9WS9WO/Wx6I1Z2UzR+APrM8fjjKTjg==</latexit>

!gwh
2(k)

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)



Even when you win, it might only be temporary
…consider vanilla preheating…with gravitational waves

<latexit sha1_base64="/hpyEP8zEArbU1pE/I7TJHbtQ3I=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahHiy7ItVj0YvHCvYD27Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5up33qiSrNI3ptxTH2BB5KFjGBjpQeDyuIxPfMmp71iya24M6Bl4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVGJBtZ/OLp6gE6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dJTHjlp0zGiaGSzBeFCUcmQtP3UZ8pSgwfW4KJYvZWRIZYYWJsSAUbgrf48jJpnle8aqV6d1GqXWdx5OEIjqEMHlxCDW6hDg0gIOEZXuHN0c6L8+58zFtzTjZzCH/gfP4AI4uP7w==</latexit>

t(m→1)

<latexit sha1_base64="i75RXvnqMBymVmR/m/lRi0t/A10=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARdGGZKVJdFt24rGAv0E5LJj3ThmYyQ5IRSukzuPFV3LhQxK0rd76NaTuKtv4Q+PnOOZyc3485U9pxPq3M0vLK6lp2PbexubW9Y+/u1VSUSApVGvFINnyigDMBVc00h0YsgYQ+h7o/uJrU63cgFYvErR7G4IWkJ1jAKNEGdeyTFieixwEH7WJLzuwp/oH4m7WLHTvvFJyp8KJxU5NHqSod+6PVjWgSgtCUE6WarhNrb0SkZpTDONdKFMSEDkgPmsYKEoLyRtOTxvjIkC4OImme0HhKf0+MSKjUMPRNZ0h0X83XJvC/WjPRwYU3YiJONAg6WxQkHOsIT/LBXSaBaj40hlDJzF8x7RNJqDYp5kwI7vzJi6ZWLLilQunmLF++TOPIogN0iI6Ri85RGV2jCqoiiu7RI3pGL9aD9WS9Wm+z1oyVzuyjP7LevwAGE5xx</latexit> →f
2
↑↓

→f
↑2

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)

<latexit sha1_base64="VT1NQrFUlm2xBoIy6N9CoUM8ssY=">AAACCHicbVDLSsNAFJ34rPUVdenCYBHqpiRFqsuiLlxWsA9oYplMb9qhk0mYmQgldOnGX3HjQhG3foI7/8ZJm4W2Hhg495x7uXOPHzMqlW1/G0vLK6tr64WN4ubW9s6uubffklEiCDRJxCLR8bEERjk0FVUMOrEAHPoM2v7oKvPbDyAkjfidGsfghXjAaUAJVlrqmUduIDBJ3WtgCt9Xy6PTSV707KzomSW7Yk9hLRInJyWUo9Ezv9x+RJIQuCIMS9l17Fh5KRaKEgaToptIiDEZ4QF0NeU4BOml00Mm1olW+lYQCf24sqbq74kUh1KOQ193hlgN5byXif953UQFF15KeZwo4GS2KEiYpSIrS8XqUwFEsbEmmAiq/2qRIdbJKJ1dUYfgzJ+8SFrVilOr1G7PSvXLPI4COkTHqIwcdI7q6AY1UBMR9Iie0St6M56MF+Pd+Ji1Lhn5zAH6A+PzB21imPc=</latexit>

!2(k)

!0(k)

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)

<latexit sha1_base64="PZKtb4SElqDW9mF+Qlk1GIEAweE=">AAAB+nicbVDLTgIxFO3gC/E16NJNIzHBDZkhBl0S3bgTE3kkME46pQMNbWfSdiRk5FPcuNAYt36JO//GArNQ8CQ3OTnn3tx7TxAzqrTjfFu5tfWNza38dmFnd2//wC4etlSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORtczv/1IpKKRuNeTmHgcDQQNKUbaSL5d7N1yMkB+OhhPhw/V8ujMt0tOxZkDrhI3IyWQoeHbX71+hBNOhMYMKdV1nVh7KZKaYkamhV6iSIzwCA1I11CBOFFeOj99Ck+N0odhJE0JDefq74kUcaUmPDCdHOmhWvZm4n9eN9HhpZdSESeaCLxYFCYM6gjOcoB9KgnWbGIIwpKaWyEeIomwNmkVTAju8surpFWtuLVK7e68VL/K4siDY3ACysAFF6AObkADNAEGY/AMXsGb9WS9WO/Wx6I1Z2UzR+APrM8fjjKTjg==</latexit>

!gwh
2(k)



How do we know what’s real??
These spectra change when you change the numerical parameters!

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)

<latexit sha1_base64="PZKtb4SElqDW9mF+Qlk1GIEAweE=">AAAB+nicbVDLTgIxFO3gC/E16NJNIzHBDZkhBl0S3bgTE3kkME46pQMNbWfSdiRk5FPcuNAYt36JO//GArNQ8CQ3OTnn3tx7TxAzqrTjfFu5tfWNza38dmFnd2//wC4etlSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORtczv/1IpKKRuNeTmHgcDQQNKUbaSL5d7N1yMkB+OhhPhw/V8ujMt0tOxZkDrhI3IyWQoeHbX71+hBNOhMYMKdV1nVh7KZKaYkamhV6iSIzwCA1I11CBOFFeOj99Ck+N0odhJE0JDefq74kUcaUmPDCdHOmhWvZm4n9eN9HhpZdSESeaCLxYFCYM6gjOcoB9KgnWbGIIwpKaWyEeIomwNmkVTAju8surpFWtuLVK7e68VL/K4siDY3ACysAFF6AObkADNAEGY/AMXsGb9WS9WO/Wx6I1Z2UzR+APrM8fjjKTjg==</latexit>

!gwh
2(k)

<latexit sha1_base64="k7j6ntzgJYJiOOy5sKKqmLBwcQE=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHokevGIiQsksCHd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH800oYHAI8kiRrCxkj9BVXE5KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdREN0HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk/ZVzWvUGg/1SvM2j6MIZ3AOVfDgGppwDy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A70SjgA=</latexit>

k(m)

<latexit sha1_base64="PZKtb4SElqDW9mF+Qlk1GIEAweE=">AAAB+nicbVDLTgIxFO3gC/E16NJNIzHBDZkhBl0S3bgTE3kkME46pQMNbWfSdiRk5FPcuNAYt36JO//GArNQ8CQ3OTnn3tx7TxAzqrTjfFu5tfWNza38dmFnd2//wC4etlSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORtczv/1IpKKRuNeTmHgcDQQNKUbaSL5d7N1yMkB+OhhPhw/V8ujMt0tOxZkDrhI3IyWQoeHbX71+hBNOhMYMKdV1nVh7KZKaYkamhV6iSIzwCA1I11CBOFFeOj99Ck+N0odhJE0JDefq74kUcaUmPDCdHOmhWvZm4n9eN9HhpZdSESeaCLxYFCYM6gjOcoB9KgnWbGIIwpKaWyEeIomwNmkVTAju8surpFWtuLVK7e68VL/K4siDY3ACysAFF6AObkADNAEGY/AMXsGb9WS9WO/Wx6I1Z2UzR+APrM8fjjKTjg==</latexit>

!gwh
2(k)

643

1283
643

1283

<latexit sha1_base64="8Eu7aF4jTytWw7vc/1uk2WTrEvA=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB40LATJHoRgl48RjAPSNYwO5lNhszsLjOzgbDkT7x4UMSrf+LNv3HyOGhiQUNR1U13V5AIro3nfTsrq2vrG5u5rfz2zu7evntwWNdxqiir0VjEqhkQzQSPWM1wI1gzUYzIQLBGMLib+I0hU5rH0aMZJcyXpBfxkFNirNRxXYNuEMYl1D6XT9kFHnfcglf0pkDLBM9JAeaodtyvdjemqWSRoYJo3cJeYvyMKMOpYON8O9UsIXRAeqxlaUQk0342vXyMTq3SRWGsbEUGTdXfExmRWo9kYDslMX296E3E/7xWasJrP+NRkhoW0dmiMBXIxGgSA+pyxagRI0sIVdzeimifKEKNDStvQ8CLLy+TeqmIy8Xyw2WhcjuPIwfHcAJngOEKKnAPVagBhSE8wyu8OZnz4rw7H7PWFWc+cwR/4Hz+AHm5kaQ=</latexit>

t = 112m→1
<latexit sha1_base64="kgD/Wx8pXH2xQz1yH5//RYSBdmg=">AAAB+XicbVDLSgNBEJz1GeNr1aOXwSB40LAjkngRgl48RjAPSNYwO5lNhszsLjO9gbDkT7x4UMSrf+LNv3HyOGhiQUNR1U13V5BIYcDzvp2V1bX1jc3cVn57Z3dv3z04rJs41YzXWCxj3Qyo4VJEvAYCJG8mmlMVSN4IBncTvzHk2og4eoRRwn1Fe5EIBaNgpY7rAr7BhJRx+1w9ZRdk3HELXtGbAi8TMicFNEe14361uzFLFY+ASWpMi3gJ+BnVIJjk43w7NTyhbEB7vGVpRBU3fja9fIxPrdLFYaxtRYCn6u+JjCpjRiqwnYpC3yx6E/E/r5VCeO1nIkpS4BGbLQpTiSHGkxhwV2jOQI4soUwLeytmfaopAxtW3oZAFl9eJvXLIikVSw9XhcrtPI4cOkYn6AwRVEYVdI+qqIYYGqJn9IrenMx5cd6dj1nrijOfOUJ/4Hz+AIF6kak=</latexit>

t = 117m→1



Some things I find confusing



Initial conditions
The vacuum 

• Assuming that modes are sub-horizon (or nearly sub-horizon, we assume that 
the fields have Bunch-Davies initial conditions,


• On the lattice, we need to translate this to the discrete system.  For the most 
part this has a straightforward definition,

<latexit sha1_base64="3QSkGscnbgbWIgVD7ECPCOIOVo4=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSlKkuhGKblxWsA9oQphMJ+2QmUyYmQgl5APc+CtuXCji1g9w5984abPQ1gMDh3POZe49QcKo0rb9ba2srq1vbFa2qts7u3v7tYPDnhKpxKSLBRNyECBFGI1JV1PNyCCRBPGAkX4Q3RR+/4FIRUV8r6cJ8TgaxzSkGGkj+bW6y5GeYMSyTu5H8Aq6oUQ4c/Ks6QpOxsiPcpOyG/YMcJk4JamDEh2/9uWOBE45iTVmSKmhYyfay5DUFDOSV91UkQThCI3J0NAYcaK8bHZMDk+NMoKhkObFGs7U3xMZ4kpNeWCSxepq0SvE/7xhqsNLL6NxkmoS4/lHYcqgFrBoBo6oJFizqSEIS2p2hXiCTBva9Fc1JTiLJy+TXrPhtBqtu/N6+7qsowKOwQk4Aw64AG1wCzqgCzB4BM/gFbxZT9aL9W59zKMrVjlzBP7A+vwBjV6bUw==</latexit>

Pk =
1

2ωk

<latexit sha1_base64="jMyQVRda3bzPKscalKbmTTGrkcU=">AAACDnicbVDLSgNBEJyNrxhfUY9eBkNAEMJukOhFCHrxGME8IJsss5PeZMjM7jozK4QlX+DFX/HiQRGvnr35N04eB00saCiquunu8mPOlLbtbyuzsrq2vpHdzG1t7+zu5fcPGipKJIU6jXgkWz5RwFkIdc00h1YsgQifQ9MfXk/85gNIxaLwTo9i6AjSD1nAKNFG8vJFNxLQJ94QX2JX3UudDrtlfIqFl7pSYAiCcbc89vIFu2RPgZeJMycFNEfNy3+5vYgmAkJNOVGq7dix7qREakY5jHNuoiAmdEj60DY0JAJUJ52+M8ZFo/RwEElTocZT9fdESoRSI+GbTkH0QC16E/E/r53o4KKTsjBONIR0tihIONYRnmSDe0wC1XxkCKGSmVsxHRBJqDYJ5kwIzuLLy6RRLjmVUuX2rFC9mseRRUfoGJ0gB52jKrpBNVRHFD2iZ/SK3qwn68V6tz5mrRlrPnOI/sD6/AGcM5s4</latexit>

ωk =
√
k2 +m2

e!

<latexit sha1_base64="AOQUWTZ/VFQfEHBsYbjutB5+Vqw="></latexit>

ω(εk) =
1

(2ϑ)3/2

∫
d3xω(εx)e→iωk·ωx

<latexit sha1_base64="yshVkUl6mVFGGHWBgMWcVN8xhu4="></latexit>

!(ωkj) =
1

(2ε)3/2
(”x)3

∑

i

ϑ(ωxi)e
→iωkj ·ωxi



We chose the 2-pt correlation function 
to be the object that is invariant between the continuum and the discrete

<latexit sha1_base64="KvP4S2S6TLioY4smbq/3UodwaEo="></latexit>

→ω(εx)ω(εy)↑ = 1

(2ϑ)3

∫
d3k d3p →ω(εk)ω(εp)↑eiωk·ωxe→iωp·ωy =

1

(2ϑ)3

∫
d3kPke

iωk(ωx→ωy)

<latexit sha1_base64="xjEr1FiU6Sagz/l9o0dxpNj2jpw="></latexit>

=
1

(2ω)3
(!k)6

∑

i

∑

j

→”(εkl)”(εpm)↑eiωkl·ωxie→iωpm·ωyj =
1

(2ω)3
(!k)3

∑

l

Pke
iωkl(ωxi→ωyj)

<latexit sha1_base64="/bCmDk9LSQdXyjhLvAwRfL8RPQQ="></latexit>

→!(ωkl)!(ωpm)↑ = (”k)3 Pk εlm =

(
L

2ϑ

)3

Pk εlm

<latexit sha1_base64="VrmsRLRZEZj08Bb0hXszwiB8mEo="></latexit>

→ω(εk)ω(εp)↑ = Pk ϑ(εk ↓ εp)

So there’s a modification of the momentum-space 2-pt correlation function:



This has an impact on the initial conditions

• When we convert the power spectrum to dimensionless units,


• Which means for Bunch-Davies….

<latexit sha1_base64="RpmVZu4c0l/RaAxW2BTRyzZ1LSg="></latexit>

h|�pr(kj)|i =
 

B6

m2
pl

!✓
Lpr

B22⇡

◆3

Pk

<latexit sha1_base64="k66Tz5yP5ZYDCqFaw0PeU0Pdzqs="></latexit>

Ppr
k,BD =

B3

m2
pl

Pk,BD =
B2

m2
pl

1

2!pr

<latexit sha1_base64="RPGSejGG3yZjIey7dmK/GNg5qwo=">AAACJ3icbVDLSsNAFJ34rPUVdelmsAiuSlKlulFK3bisYB/QpGEynbRDZ5IwMxFKyN+48VfcCCqiS//EaZuFbT0wcDjnHube48eMSmVZ38bK6tr6xmZhq7i9s7u3bx4ctmSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj24nfvuRCEmj8EGNY+JyNAhpQDFSWvLMG4cjNcSIpY3MG/VSR3AYiwxeQycQCKf13nmWcm+ms6xXyeYCnlmyytYUcJnYOSmBHA3PfHP6EU44CRVmSMqubcXKTZFQFDOSFZ1EkhjhERqQrqYh4kS66fTODJ5qpQ+DSOgXKjhV/yZSxKUcc19PTpaUi95E/M/rJiq4clMaxokiIZ59FCQMqghOSoN9KghWbKwJwoLqXSEeIt2P0tUWdQn24snLpFUp29Vy9f6iVKvndRTAMTgBZ8AGl6AG7kADNAEGT+AFvIMP49l4NT6Nr9noipFnjsAcjJ9fmjCnCA==</latexit>

Ppr
k =

B3

m2
pl

Pk



This has an impact on the initial conditions

• When we convert the power spectrum to dimensionless units,


• Which means for Bunch-Davies….
<latexit sha1_base64="k66Tz5yP5ZYDCqFaw0PeU0Pdzqs="></latexit>

Ppr
k,BD =

B3

m2
pl

Pk,BD =
B2

m2
pl

1

2!pr

<latexit sha1_base64="RpmVZu4c0l/RaAxW2BTRyzZ1LSg="></latexit>

h|�pr(kj)|i =
 

B6

m2
pl

!✓
Lpr

B22⇡

◆3

Pk

<latexit sha1_base64="RPGSejGG3yZjIey7dmK/GNg5qwo=">AAACJ3icbVDLSsNAFJ34rPUVdelmsAiuSlKlulFK3bisYB/QpGEynbRDZ5IwMxFKyN+48VfcCCqiS//EaZuFbT0wcDjnHube48eMSmVZ38bK6tr6xmZhq7i9s7u3bx4ctmSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj24nfvuRCEmj8EGNY+JyNAhpQDFSWvLMG4cjNcSIpY3MG/VSR3AYiwxeQycQCKf13nmWcm+ms6xXyeYCnlmyytYUcJnYOSmBHA3PfHP6EU44CRVmSMqubcXKTZFQFDOSFZ1EkhjhERqQrqYh4kS66fTODJ5qpQ+DSOgXKjhV/yZSxKUcc19PTpaUi95E/M/rJiq4clMaxokiIZ59FCQMqghOSoN9KghWbKwJwoLqXSEeIt2P0tUWdQn24snLpFUp29Vy9f6iVKvndRTAMTgBZ8AGl6AG7kADNAEGT+AFvIMP49l4NT6Nr9noipFnjsAcjJ9fmjCnCA==</latexit>

Ppr
k =

B3

m2
pl

Pk



Thoughts on strong hyperbolicity
…make it wavy

• The tricks we play (as theorists) to reduce the number of degrees of freedom can 
negatively affect numerical stability


• Adding degrees of freedom keep equations strongly hyperbolic (that is, wave-like) 
which means you need to store (and evolve) more information than you have to.


• But it makes the problem solvable. Examples include:


• Using Lorenz gauge, and keep track of constraints


• Yesterday, I talked about BSSN and how this works for Numerical Relativity


• Stiff equations of motion can be stabilized with extra degrees of freedom



Looking at Scalar Galileons
We can 

• We start with a stiff, derivatively coupled equation of motion,


• By identifying


• We get a more complicated system, but one that’s strongly hyperbolic

<latexit sha1_base64="ZuGrEQ68m3B8uqED/zrOOPRh5qo="></latexit>

↭ω +
1

3!3

(
(↭ω)2 → (εµεωω)

2
)
= → T

3mpl

<latexit sha1_base64="/kcKPp70Xg/FmLFq7R9R+HkBbik=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZkepGqLpxWcE+oDMMmTTThiaZIckIpdSNv+LGhSJu/Qt3/o2Z6Sy09UDg5Jx7b3JPmDCqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOObjK/80CkorG41+OE+BwNBI0oRtpIgX1wFXg8hZfQS5DUFLH86iU0sKtOzckBF4lbkCoo0AzsL68f45QToTFDSvVcJ9H+JJuKGZlWvFSRBOERGpCeoQJxovxJvsEUHhulD6NYmiM0zNXfHRPElRrz0FRypIdq3svE/7xeqqMLf0JFkmoi8OyhKGVQxzCLA/apJFizsSEIS2r+CvEQSYS1Ca1iQnDnV14k7dOaW6/V786qjesijjI4BEfgBLjgHDTALWiCFsDgETyDV/BmPVkv1rv1MSstWUXPPvgD6/MHYneWPA==</latexit>

Aµ = ωµε

<latexit sha1_base64="KGqFj8vdjOe4aBFxBng9lOplQTA="></latexit>

↭ω +
1

3!3

(
H

µω
Hµω → (Hω

ω )
2
)
= → T

3mpl

↭Aµ → 1

ε
ϑtAµ →M

2
Aµ = →M

2
ϑµω

↭Hµω → 1

ε
ϑtHµω →M

2
Hµω = →M

2

2
(ϑµAµ + ϑωAµ) 2205.05697

<latexit sha1_base64="DAQ2jTjz/sMhg5xcezsio/hEUNM=">AAACF3icbVBNS8MwGE7n15xfVY9egkPwVFqR6UUYetlxgvuAtZQ0y7awNC1JKozSf+HFv+LFgyJe9ea/Me16mJsPBJ73ed43yfsEMaNS2faPUVlb39jcqm7Xdnb39g/Mw6OujBKBSQdHLBL9AEnCKCcdRRUj/VgQFAaM9ILpXe73HomQNOIPahYTL0RjTkcUI6Ul37RafuqGicuTDN5AN0ZCUcQKLVsseVFS36zbll0ArhKnJHVQou2b3+4wwklIuMIMSTlw7Fh5aX4vZiSruYkkMcJTNCYDTTkKifTSYq8MnmllCEeR0IcrWKiLEykKpZyFge4MkZrIZS8X//MGiRpdeynlcaIIx/OHRgmDKoJ5SHBIBcGKzTRBWFD9V4gnSCCsdJQ1HYKzvPIq6V5YTsNq3F/Wm7dlHFVwAk7BOXDAFWiCFmiDDsDgCbyAN/BuPBuvxofxOW+tGOXMMfgD4+sXuBOgTQ==</latexit>

Hµω = ωµωωε



We get the behavior of the full system
…but much more reliably

2205.05697



…in the case of oscillons 

• Many potentials create oscillons; 
we’ve been interested in 
-attractor models which, in the 
absence of a coupled field, are 
great oscillon producers


• An open question has been, do 
oscillons decay which can be 
studied by considering an 
explicit coupling to another field

α

A quick example

<latexit sha1_base64="JBhNR7U29M/YzSA4qHvuJotsHsE=">AAACHXicbVDNS8MwHE39nPOr6tFLcAieRjvG9CIMvXjwMMF9wNqNNEu3sDQtSSqM0n/Ei/+KFw+KePAi/jemXQ+6+SDk8d7vR/KeFzEqlWV9Gyura+sbm6Wt8vbO7t6+eXDYkWEsMGnjkIWi5yFJGOWkrahipBcJggKPka43vc787gMRkob8Xs0i4gZozKlPMVJaGpp1J0BqghFLbtNh4ogAUq5SeAkdXyCcjAe1NKml0IkmdFCDDs6voVmxqlYOuEzsglRAgdbQ/HRGIY4DwhVmSMq+bUXKTZBQFDOSlp1YkgjhKRqTvqYcBUS6SZ4uhadaGUE/FPpwBXP190aCAilngacnsyxy0cvE/7x+rPwLN6E8ihXheP6QHzOoQphVBUdUEKzYTBOEBdV/hXiCdC1KF1rWJdiLkZdJp1a1G9XGXb3SvCrqKIFjcALOgA3OQRPcgBZoAwwewTN4BW/Gk/FivBsf89EVo9g5An9gfP0AYPChcA==</latexit>

Lint =
g2

2
ω2ε2 Peter Krosniak


‘27
J’sun Gardner


‘26



The End of the Oscillon

• Consider the E-model -attractor


• We can see that the energy in 
oscillons decays parametrically 
with the strength of the 
interaction


• But is it real?

α
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<latexit sha1_base64="Ha6q2gwzOlJSly1s1yaxyP4GekA="></latexit>

V =
m2µ2

2

(
1→ e→

ω
µ

)2



When we look at 
…the convergence test



Why?
…we can actually see what’s going on!
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The size and shape of oscillons 
in 128^3 and 256^3 
resolutions are different


128^3 isn't enough points to 
form oscillons with a circular 
shape



When do we approach the modes 
…that we can’t trust?

E-Model 128 and 256 2.5*10^-7 runs vs Time Physical dx of E-Model 128 and 256 2.5*10^-7 
runs vs Time 

0 500 1000 1500 2000 2500 3000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

128
256

0 500 1000 1500 2000 2500 3000
0

1

2

3

4

5

6

7

128
256D

x

Tm

Tm

Tm



For this afternoon:
… if you’re participating 

• Please download GABE

• cosmo.kenyon.edu/gabe.html


• If you have a MAC

• Try to run the instructions on that page, new(ish) operating systems should work 

without issue

• If you have LINUX

• Please install fftw3 (enabling regular and long-double: openmp and threads for each)


• If you plan to use the remote version, please email me (giblinj@kenyon.edu) as soon as  
possible!


• Please also have Jupyter (or similar) for plotting.  I will distribute a .ipynb this 
afternoon!

http://cosmo.kenyon.edu/gabe.html
mailto:giblinj@kenyon.edu


Advice from my students

• Write the code yourself, so you can change anything. Seems silly but it was helpful 
to me to realize that I can communicate via the code (printf(“I’m here :)\n”);) 


• When in doubt, plot it out - there’s lots of data and it can tell you many things 

• Write in words what you want the code to do. Translate it to a step by step list and 

check that this matches the order of the code 

• As always - fix the bug you know :) 

• The physics doesn’t care about the math and we want to find the region where it 

doesn’t care about the code either, so change code parameters to find the physics  

• This is a basic idea but the code is only as smart as you let it be, so let it be dumb 

and change single things at a time so you know for sure what is going on.  

• Go to a known regime: homogeneous, static, symmetric.  Check it behaves as 

expected


