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Black holes journey over a Hubble time

Gas torques?

Stellar scattering?

Last pc problem
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Goal

Tool

Issues

Estimate the merger 
rate of seed BHs that 

we will detect with 
LISA

Cosmological 
simulation to get self 

consistent physics and 
large statistics

Huge range of scales, 
therefore difficult to 

balance resolution vs 
volume, and dynamics 

of BHs hard to 
compute

mailto:pfister@iap.fr


Hugo Pfister - pfister@iap.fr

Outline
A. A first step to better track the dynamics of BHs


1. Effects of resolution (Pfister+17) 

2. Unresolved dynamics (Pfister in prep) 

B. Lonely black holes at high redshift
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Effects of resolution
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Effects of resolution
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rdef ⇠ 1pc
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Unresolved dynamics
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• For a 107 Msun BH moving in a 200 km s-1 velocity dispersion galaxy, 
resolution must be ~1 pc.
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• For a 107 Msun BH moving in a 200 km s-1 velocity dispersion galaxy, 
resolution must be ~1 pc.

• Most cosmological simulations have a resolution of ~1 kpc, even zooms can 
only reach ~10 pc.

‘Fix’ BHs in the center of 

halos/galaxies. 


This results in very fast BH 
mergers following galaxy 

mergers.

mailto:pfister@iap.fr


Hugo Pfister - pfister@iap.fr

Unresolved dynamics

�8

• For a 107 Msun BH moving in a 200 km s-1 velocity dispersion galaxy, 
resolution must be ~1 pc.

• Most cosmological simulations have a resolution of ~1 kpc, even zooms can 
only reach ~10 pc.

‘Fix’ BHs in the center of 

halos/galaxies. 


This results in very fast BH 
mergers following galaxy 

mergers.

mailto:pfister@iap.fr


Hugo Pfister - pfister@iap.fr

Unresolved dynamics

�8

• For a 107 Msun BH moving in a 200 km s-1 velocity dispersion galaxy, 
resolution must be ~1 pc.

• Most cosmological simulations have a resolution of ~1 kpc, even zooms can 
only reach ~10 pc.

‘Fix’ BHs in the center of 

halos/galaxies. 


This results in very fast BH 
mergers following galaxy 

mergers.

We adopt a more physical 
option.


We remove ‘by hand’ the 
momentum which should be 
removed due to unresolved 
dynamical friction by gas, 
stars and dark matter.


BH orbits naturally evolve: 

sink or wander.
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Unresolved dynamics

�9

Gas (non collisionless)

Ostriker+99 
Dubois+11 (Ramses)

mailto:pfister@iap.fr


Hugo Pfister - pfister@iap.fr

Unresolved dynamics

�9

Gas (non collisionless)

Ostriker+99 
Dubois+11 (Ramses)

✅

mailto:pfister@iap.fr


Hugo Pfister - pfister@iap.fr

Unresolved dynamics

�9

Gas (non collisionless) Stars/DM (collisionless)

Ostriker+99 
Dubois+11 (Ramses)

Chandrasekhar+43 
Tremmel+15 (ChaNGa)

✅

mailto:pfister@iap.fr


Hugo Pfister - pfister@iap.fr

Unresolved dynamics

�9

Gas (non collisionless) Stars/DM (collisionless)

Ostriker+99 
Dubois+11 (Ramses)

Chandrasekhar+43 
Tremmel+15 (ChaNGa)

✅ 🛠

mailto:pfister@iap.fr


Hugo Pfister - pfister@iap.fr �10

�x
<latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit><latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit><latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit><latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit>

We use the cosmological code Ramses 
(Teyssier+02) and implement a subgrid 
model to take into account dynamical 
friction from stars and dark matter.

Unresolved dynamics
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<latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit><latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit><latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit><latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit>
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�x
<latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit><latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit><latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit><latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit>

We use the cosmological code Ramses 
(Teyssier+02) and implement a subgrid 
model to take into account dynamical 
friction from stars and dark matter.

Unresolved dynamics

~v•<latexit sha1_base64="yZO5ohl0l7llsPMPf+/fuIdiA7A=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBLmUaihX+LGhSJu/RR3/o3TNgttPXDhcM693HtPlHGmtOt+O6WNza3tnfJuZW//4LBaOzruqNRICm2a8lT2IqKAMwFtzTSHXiaBJBGHbjS+m/vdCUjFUvGopxkECRkKFjNKtJXCWtWfAM0ns9CPDOegw1rdbbgL4HXiFaSOCrTC2pc/SKlJQGjKiVJ9z810kBOpGeUwq/hGQUbomAyhb6kgCaggXxw+w+dWGeA4lbaExgv190ROEqWmSWQ7E6JHatWbi/95faPjmyBnIjMaBF0uig3HOsXzFPCASaCaTy0hVDJ7K6YjIgnVNquKDcFbfXmddC4bntvwHq7qzdsijjI6RWfoAnnoGjXRPWqhNqLIoGf0it6cJ+fFeXc+lq0lp5g5QX/gfP4AY3uTjA==</latexit><latexit sha1_base64="yZO5ohl0l7llsPMPf+/fuIdiA7A=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBLmUaihX+LGhSJu/RR3/o3TNgttPXDhcM693HtPlHGmtOt+O6WNza3tnfJuZW//4LBaOzruqNRICm2a8lT2IqKAMwFtzTSHXiaBJBGHbjS+m/vdCUjFUvGopxkECRkKFjNKtJXCWtWfAM0ns9CPDOegw1rdbbgL4HXiFaSOCrTC2pc/SKlJQGjKiVJ9z810kBOpGeUwq/hGQUbomAyhb6kgCaggXxw+w+dWGeA4lbaExgv190ROEqWmSWQ7E6JHatWbi/95faPjmyBnIjMaBF0uig3HOsXzFPCASaCaTy0hVDJ7K6YjIgnVNquKDcFbfXmddC4bntvwHq7qzdsijjI6RWfoAnnoGjXRPWqhNqLIoGf0it6cJ+fFeXc+lq0lp5g5QX/gfP4AY3uTjA==</latexit><latexit sha1_base64="yZO5ohl0l7llsPMPf+/fuIdiA7A=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBLmUaihX+LGhSJu/RR3/o3TNgttPXDhcM693HtPlHGmtOt+O6WNza3tnfJuZW//4LBaOzruqNRICm2a8lT2IqKAMwFtzTSHXiaBJBGHbjS+m/vdCUjFUvGopxkECRkKFjNKtJXCWtWfAM0ns9CPDOegw1rdbbgL4HXiFaSOCrTC2pc/SKlJQGjKiVJ9z810kBOpGeUwq/hGQUbomAyhb6kgCaggXxw+w+dWGeA4lbaExgv190ROEqWmSWQ7E6JHatWbi/95faPjmyBnIjMaBF0uig3HOsXzFPCASaCaTy0hVDJ7K6YjIgnVNquKDcFbfXmddC4bntvwHq7qzdsijjI6RWfoAnnoGjXRPWqhNqLIoGf0it6cJ+fFeXc+lq0lp5g5QX/gfP4AY3uTjA==</latexit><latexit sha1_base64="yZO5ohl0l7llsPMPf+/fuIdiA7A=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBLmUaihX+LGhSJu/RR3/o3TNgttPXDhcM693HtPlHGmtOt+O6WNza3tnfJuZW//4LBaOzruqNRICm2a8lT2IqKAMwFtzTSHXiaBJBGHbjS+m/vdCUjFUvGopxkECRkKFjNKtJXCWtWfAM0ns9CPDOegw1rdbbgL4HXiFaSOCrTC2pc/SKlJQGjKiVJ9z810kBOpGeUwq/hGQUbomAyhb6kgCaggXxw+w+dWGeA4lbaExgv190ROEqWmSWQ7E6JHatWbi/95faPjmyBnIjMaBF0uig3HOsXzFPCASaCaTy0hVDJ7K6YjIgnVNquKDcFbfXmddC4bntvwHq7qzdsijjI6RWfoAnnoGjXRPWqhNqLIoGf0it6cJ+fFeXc+lq0lp5g5QX/gfP4AY3uTjA==</latexit>

M•<latexit sha1_base64="V+HsUlNdeL7pBjlJKZOK8NGLtFU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyNEMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEaXk/9hyfUhifq3o5SDCXtKx5zRq2THm+7nSgTAm23XPGr/gxkmQQ5qUCOerf81eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4dvCEnDilR+JEu1KWzNTfE2MqjRnJyHVKagdm0ZuK/3ntzMaX4ZirNLOo2HxRnAliEzL9nvS4RmbFyBHKNHe3EjagmjLrMiq5EILFl5dJ86wa+NXg7rxSu8rjKMIRHMMpBHABNbiBOjSAgYRneIU3T3sv3rv3MW8tePnMIfyB9/kDy7OQZA==</latexit><latexit sha1_base64="V+HsUlNdeL7pBjlJKZOK8NGLtFU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyNEMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEaXk/9hyfUhifq3o5SDCXtKx5zRq2THm+7nSgTAm23XPGr/gxkmQQ5qUCOerf81eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4dvCEnDilR+JEu1KWzNTfE2MqjRnJyHVKagdm0ZuK/3ntzMaX4ZirNLOo2HxRnAliEzL9nvS4RmbFyBHKNHe3EjagmjLrMiq5EILFl5dJ86wa+NXg7rxSu8rjKMIRHMMpBHABNbiBOjSAgYRneIU3T3sv3rv3MW8tePnMIfyB9/kDy7OQZA==</latexit><latexit sha1_base64="V+HsUlNdeL7pBjlJKZOK8NGLtFU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyNEMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEaXk/9hyfUhifq3o5SDCXtKx5zRq2THm+7nSgTAm23XPGr/gxkmQQ5qUCOerf81eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4dvCEnDilR+JEu1KWzNTfE2MqjRnJyHVKagdm0ZuK/3ntzMaX4ZirNLOo2HxRnAliEzL9nvS4RmbFyBHKNHe3EjagmjLrMiq5EILFl5dJ86wa+NXg7rxSu8rjKMIRHMMpBHABNbiBOjSAgYRneIU3T3sv3rv3MW8tePnMIfyB9/kDy7OQZA==</latexit><latexit sha1_base64="V+HsUlNdeL7pBjlJKZOK8NGLtFU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyNEMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEaXk/9hyfUhifq3o5SDCXtKx5zRq2THm+7nSgTAm23XPGr/gxkmQQ5qUCOerf81eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4dvCEnDilR+JEu1KWzNTfE2MqjRnJyHVKagdm0ZuK/3ntzMaX4ZirNLOo2HxRnAliEzL9nvS4RmbFyBHKNHe3EjagmjLrMiq5EILFl5dJ86wa+NXg7rxSu8rjKMIRHMMpBHABNbiBOjSAgYRneIU3T3sv3rv3MW8tePnMIfyB9/kDy7OQZA==</latexit>

~vi
<latexit sha1_base64="DWoahwLALxynHzkSONPT1Up60RE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNlJJxkyM7vMzAbCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdzfzmGLXhsXq0kwRDSQeK9zmj1klPnTGybDzt8m6p7Ff8OcgqCXJShhy1bumr04tZKlFZJqgx7cBPbJhRbTkTOC12UoMJZSM6wLajiko0YTY/eErOndIj/Vi7UpbM1d8TGZXGTGTkOiW1Q7PszcT/vHZq+zdhxlWSWlRssaifCmJjMvue9LhGZsXEEco0d7cSNqSaMusyKroQguWXV0njshL4leDhqly9zeMowCmcwQUEcA1VuIca1IGBhGd4hTdPey/eu/exaF3z8pkT+APv8wcuaJCk</latexit><latexit sha1_base64="DWoahwLALxynHzkSONPT1Up60RE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNlJJxkyM7vMzAbCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdzfzmGLXhsXq0kwRDSQeK9zmj1klPnTGybDzt8m6p7Ff8OcgqCXJShhy1bumr04tZKlFZJqgx7cBPbJhRbTkTOC12UoMJZSM6wLajiko0YTY/eErOndIj/Vi7UpbM1d8TGZXGTGTkOiW1Q7PszcT/vHZq+zdhxlWSWlRssaifCmJjMvue9LhGZsXEEco0d7cSNqSaMusyKroQguWXV0njshL4leDhqly9zeMowCmcwQUEcA1VuIca1IGBhGd4hTdPey/eu/exaF3z8pkT+APv8wcuaJCk</latexit><latexit sha1_base64="DWoahwLALxynHzkSONPT1Up60RE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNlJJxkyM7vMzAbCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdzfzmGLXhsXq0kwRDSQeK9zmj1klPnTGybDzt8m6p7Ff8OcgqCXJShhy1bumr04tZKlFZJqgx7cBPbJhRbTkTOC12UoMJZSM6wLajiko0YTY/eErOndIj/Vi7UpbM1d8TGZXGTGTkOiW1Q7PszcT/vHZq+zdhxlWSWlRssaifCmJjMvue9LhGZsXEEco0d7cSNqSaMusyKroQguWXV0njshL4leDhqly9zeMowCmcwQUEcA1VuIca1IGBhGd4hTdPey/eu/exaF3z8pkT+APv8wcuaJCk</latexit><latexit sha1_base64="DWoahwLALxynHzkSONPT1Up60RE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNlJJxkyM7vMzAbCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdzfzmGLXhsXq0kwRDSQeK9zmj1klPnTGybDzt8m6p7Ff8OcgqCXJShhy1bumr04tZKlFZJqgx7cBPbJhRbTkTOC12UoMJZSM6wLajiko0YTY/eErOndIj/Vi7UpbM1d8TGZXGTGTkOiW1Q7PszcT/vHZq+zdhxlWSWlRssaifCmJjMvue9LhGZsXEEco0d7cSNqSaMusyKroQguWXV0njshL4leDhqly9zeMowCmcwQUEcA1VuIca1IGBhGd4hTdPey/eu/exaF3z8pkT+APv8wcuaJCk</latexit>mi

<latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit><latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit><latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit><latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit>
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�x
<latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit><latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit><latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit><latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit>

We use the cosmological code Ramses 
(Teyssier+02) and implement a subgrid 
model to take into account dynamical 
friction from stars and dark matter.

Unresolved dynamics

~v•<latexit sha1_base64="yZO5ohl0l7llsPMPf+/fuIdiA7A=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBLmUaihX+LGhSJu/RR3/o3TNgttPXDhcM693HtPlHGmtOt+O6WNza3tnfJuZW//4LBaOzruqNRICm2a8lT2IqKAMwFtzTSHXiaBJBGHbjS+m/vdCUjFUvGopxkECRkKFjNKtJXCWtWfAM0ns9CPDOegw1rdbbgL4HXiFaSOCrTC2pc/SKlJQGjKiVJ9z810kBOpGeUwq/hGQUbomAyhb6kgCaggXxw+w+dWGeA4lbaExgv190ROEqWmSWQ7E6JHatWbi/95faPjmyBnIjMaBF0uig3HOsXzFPCASaCaTy0hVDJ7K6YjIgnVNquKDcFbfXmddC4bntvwHq7qzdsijjI6RWfoAnnoGjXRPWqhNqLIoGf0it6cJ+fFeXc+lq0lp5g5QX/gfP4AY3uTjA==</latexit><latexit sha1_base64="yZO5ohl0l7llsPMPf+/fuIdiA7A=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBLmUaihX+LGhSJu/RR3/o3TNgttPXDhcM693HtPlHGmtOt+O6WNza3tnfJuZW//4LBaOzruqNRICm2a8lT2IqKAMwFtzTSHXiaBJBGHbjS+m/vdCUjFUvGopxkECRkKFjNKtJXCWtWfAM0ns9CPDOegw1rdbbgL4HXiFaSOCrTC2pc/SKlJQGjKiVJ9z810kBOpGeUwq/hGQUbomAyhb6kgCaggXxw+w+dWGeA4lbaExgv190ROEqWmSWQ7E6JHatWbi/95faPjmyBnIjMaBF0uig3HOsXzFPCASaCaTy0hVDJ7K6YjIgnVNquKDcFbfXmddC4bntvwHq7qzdsijjI6RWfoAnnoGjXRPWqhNqLIoGf0it6cJ+fFeXc+lq0lp5g5QX/gfP4AY3uTjA==</latexit><latexit sha1_base64="yZO5ohl0l7llsPMPf+/fuIdiA7A=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBLmUaihX+LGhSJu/RR3/o3TNgttPXDhcM693HtPlHGmtOt+O6WNza3tnfJuZW//4LBaOzruqNRICm2a8lT2IqKAMwFtzTSHXiaBJBGHbjS+m/vdCUjFUvGopxkECRkKFjNKtJXCWtWfAM0ns9CPDOegw1rdbbgL4HXiFaSOCrTC2pc/SKlJQGjKiVJ9z810kBOpGeUwq/hGQUbomAyhb6kgCaggXxw+w+dWGeA4lbaExgv190ROEqWmSWQ7E6JHatWbi/95faPjmyBnIjMaBF0uig3HOsXzFPCASaCaTy0hVDJ7K6YjIgnVNquKDcFbfXmddC4bntvwHq7qzdsijjI6RWfoAnnoGjXRPWqhNqLIoGf0it6cJ+fFeXc+lq0lp5g5QX/gfP4AY3uTjA==</latexit><latexit sha1_base64="yZO5ohl0l7llsPMPf+/fuIdiA7A=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBLmUaihX+LGhSJu/RR3/o3TNgttPXDhcM693HtPlHGmtOt+O6WNza3tnfJuZW//4LBaOzruqNRICm2a8lT2IqKAMwFtzTSHXiaBJBGHbjS+m/vdCUjFUvGopxkECRkKFjNKtJXCWtWfAM0ns9CPDOegw1rdbbgL4HXiFaSOCrTC2pc/SKlJQGjKiVJ9z810kBOpGeUwq/hGQUbomAyhb6kgCaggXxw+w+dWGeA4lbaExgv190ROEqWmSWQ7E6JHatWbi/95faPjmyBnIjMaBF0uig3HOsXzFPCASaCaTy0hVDJ7K6YjIgnVNquKDcFbfXmddC4bntvwHq7qzdsijjI6RWfoAnnoGjXRPWqhNqLIoGf0it6cJ+fFeXc+lq0lp5g5QX/gfP4AY3uTjA==</latexit>

M•<latexit sha1_base64="V+HsUlNdeL7pBjlJKZOK8NGLtFU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyNEMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEaXk/9hyfUhifq3o5SDCXtKx5zRq2THm+7nSgTAm23XPGr/gxkmQQ5qUCOerf81eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4dvCEnDilR+JEu1KWzNTfE2MqjRnJyHVKagdm0ZuK/3ntzMaX4ZirNLOo2HxRnAliEzL9nvS4RmbFyBHKNHe3EjagmjLrMiq5EILFl5dJ86wa+NXg7rxSu8rjKMIRHMMpBHABNbiBOjSAgYRneIU3T3sv3rv3MW8tePnMIfyB9/kDy7OQZA==</latexit><latexit sha1_base64="V+HsUlNdeL7pBjlJKZOK8NGLtFU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyNEMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEaXk/9hyfUhifq3o5SDCXtKx5zRq2THm+7nSgTAm23XPGr/gxkmQQ5qUCOerf81eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4dvCEnDilR+JEu1KWzNTfE2MqjRnJyHVKagdm0ZuK/3ntzMaX4ZirNLOo2HxRnAliEzL9nvS4RmbFyBHKNHe3EjagmjLrMiq5EILFl5dJ86wa+NXg7rxSu8rjKMIRHMMpBHABNbiBOjSAgYRneIU3T3sv3rv3MW8tePnMIfyB9/kDy7OQZA==</latexit><latexit sha1_base64="V+HsUlNdeL7pBjlJKZOK8NGLtFU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyNEMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEaXk/9hyfUhifq3o5SDCXtKx5zRq2THm+7nSgTAm23XPGr/gxkmQQ5qUCOerf81eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4dvCEnDilR+JEu1KWzNTfE2MqjRnJyHVKagdm0ZuK/3ntzMaX4ZirNLOo2HxRnAliEzL9nvS4RmbFyBHKNHe3EjagmjLrMiq5EILFl5dJ86wa+NXg7rxSu8rjKMIRHMMpBHABNbiBOjSAgYRneIU3T3sv3rv3MW8tePnMIfyB9/kDy7OQZA==</latexit><latexit sha1_base64="V+HsUlNdeL7pBjlJKZOK8NGLtFU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyNEMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEaXk/9hyfUhifq3o5SDCXtKx5zRq2THm+7nSgTAm23XPGr/gxkmQQ5qUCOerf81eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4dvCEnDilR+JEu1KWzNTfE2MqjRnJyHVKagdm0ZuK/3ntzMaX4ZirNLOo2HxRnAliEzL9nvS4RmbFyBHKNHe3EjagmjLrMiq5EILFl5dJ86wa+NXg7rxSu8rjKMIRHMMpBHABNbiBOjSAgYRneIU3T3sv3rv3MW8tePnMIfyB9/kDy7OQZA==</latexit>

~vi
<latexit sha1_base64="DWoahwLALxynHzkSONPT1Up60RE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNlJJxkyM7vMzAbCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdzfzmGLXhsXq0kwRDSQeK9zmj1klPnTGybDzt8m6p7Ff8OcgqCXJShhy1bumr04tZKlFZJqgx7cBPbJhRbTkTOC12UoMJZSM6wLajiko0YTY/eErOndIj/Vi7UpbM1d8TGZXGTGTkOiW1Q7PszcT/vHZq+zdhxlWSWlRssaifCmJjMvue9LhGZsXEEco0d7cSNqSaMusyKroQguWXV0njshL4leDhqly9zeMowCmcwQUEcA1VuIca1IGBhGd4hTdPey/eu/exaF3z8pkT+APv8wcuaJCk</latexit><latexit sha1_base64="DWoahwLALxynHzkSONPT1Up60RE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNlJJxkyM7vMzAbCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdzfzmGLXhsXq0kwRDSQeK9zmj1klPnTGybDzt8m6p7Ff8OcgqCXJShhy1bumr04tZKlFZJqgx7cBPbJhRbTkTOC12UoMJZSM6wLajiko0YTY/eErOndIj/Vi7UpbM1d8TGZXGTGTkOiW1Q7PszcT/vHZq+zdhxlWSWlRssaifCmJjMvue9LhGZsXEEco0d7cSNqSaMusyKroQguWXV0njshL4leDhqly9zeMowCmcwQUEcA1VuIca1IGBhGd4hTdPey/eu/exaF3z8pkT+APv8wcuaJCk</latexit><latexit sha1_base64="DWoahwLALxynHzkSONPT1Up60RE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNlJJxkyM7vMzAbCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdzfzmGLXhsXq0kwRDSQeK9zmj1klPnTGybDzt8m6p7Ff8OcgqCXJShhy1bumr04tZKlFZJqgx7cBPbJhRbTkTOC12UoMJZSM6wLajiko0YTY/eErOndIj/Vi7UpbM1d8TGZXGTGTkOiW1Q7PszcT/vHZq+zdhxlWSWlRssaifCmJjMvue9LhGZsXEEco0d7cSNqSaMusyKroQguWXV0njshL4leDhqly9zeMowCmcwQUEcA1VuIca1IGBhGd4hTdPey/eu/exaF3z8pkT+APv8wcuaJCk</latexit><latexit sha1_base64="DWoahwLALxynHzkSONPT1Up60RE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNlJJxkyM7vMzAbCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdzfzmGLXhsXq0kwRDSQeK9zmj1klPnTGybDzt8m6p7Ff8OcgqCXJShhy1bumr04tZKlFZJqgx7cBPbJhRbTkTOC12UoMJZSM6wLajiko0YTY/eErOndIj/Vi7UpbM1d8TGZXGTGTkOiW1Q7PszcT/vHZq+zdhxlWSWlRssaifCmJjMvue9LhGZsXEEco0d7cSNqSaMusyKroQguWXV0njshL4leDhqly9zeMowCmcwQUEcA1VuIca1IGBhGd4hTdPey/eu/exaF3z8pkT+APv8wcuaJCk</latexit>mi

<latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit><latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit><latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit><latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit>
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�x
<latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit><latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit><latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit><latexit sha1_base64="5syVK74AStCol4gd1UyhnYkTmfo=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0Ert7g1IZPSpV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXeVxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8weVhY+o</latexit>

We use the cosmological code Ramses 
(Teyssier+02) and implement a subgrid 
model to take into account dynamical 
friction from stars and dark matter.

Unresolved dynamics
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~v•<latexit sha1_base64="yZO5ohl0l7llsPMPf+/fuIdiA7A=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBLmUaihX+LGhSJu/RR3/o3TNgttPXDhcM693HtPlHGmtOt+O6WNza3tnfJuZW//4LBaOzruqNRICm2a8lT2IqKAMwFtzTSHXiaBJBGHbjS+m/vdCUjFUvGopxkECRkKFjNKtJXCWtWfAM0ns9CPDOegw1rdbbgL4HXiFaSOCrTC2pc/SKlJQGjKiVJ9z810kBOpGeUwq/hGQUbomAyhb6kgCaggXxw+w+dWGeA4lbaExgv190ROEqWmSWQ7E6JHatWbi/95faPjmyBnIjMaBF0uig3HOsXzFPCASaCaTy0hVDJ7K6YjIgnVNquKDcFbfXmddC4bntvwHq7qzdsijjI6RWfoAnnoGjXRPWqhNqLIoGf0it6cJ+fFeXc+lq0lp5g5QX/gfP4AY3uTjA==</latexit><latexit sha1_base64="yZO5ohl0l7llsPMPf+/fuIdiA7A=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBLmUaihX+LGhSJu/RR3/o3TNgttPXDhcM693HtPlHGmtOt+O6WNza3tnfJuZW//4LBaOzruqNRICm2a8lT2IqKAMwFtzTSHXiaBJBGHbjS+m/vdCUjFUvGopxkECRkKFjNKtJXCWtWfAM0ns9CPDOegw1rdbbgL4HXiFaSOCrTC2pc/SKlJQGjKiVJ9z810kBOpGeUwq/hGQUbomAyhb6kgCaggXxw+w+dWGeA4lbaExgv190ROEqWmSWQ7E6JHatWbi/95faPjmyBnIjMaBF0uig3HOsXzFPCASaCaTy0hVDJ7K6YjIgnVNquKDcFbfXmddC4bntvwHq7qzdsijjI6RWfoAnnoGjXRPWqhNqLIoGf0it6cJ+fFeXc+lq0lp5g5QX/gfP4AY3uTjA==</latexit><latexit sha1_base64="yZO5ohl0l7llsPMPf+/fuIdiA7A=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBLmUaihX+LGhSJu/RR3/o3TNgttPXDhcM693HtPlHGmtOt+O6WNza3tnfJuZW//4LBaOzruqNRICm2a8lT2IqKAMwFtzTSHXiaBJBGHbjS+m/vdCUjFUvGopxkECRkKFjNKtJXCWtWfAM0ns9CPDOegw1rdbbgL4HXiFaSOCrTC2pc/SKlJQGjKiVJ9z810kBOpGeUwq/hGQUbomAyhb6kgCaggXxw+w+dWGeA4lbaExgv190ROEqWmSWQ7E6JHatWbi/95faPjmyBnIjMaBF0uig3HOsXzFPCASaCaTy0hVDJ7K6YjIgnVNquKDcFbfXmddC4bntvwHq7qzdsijjI6RWfoAnnoGjXRPWqhNqLIoGf0it6cJ+fFeXc+lq0lp5g5QX/gfP4AY3uTjA==</latexit><latexit sha1_base64="yZO5ohl0l7llsPMPf+/fuIdiA7A=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBLmUaihX+LGhSJu/RR3/o3TNgttPXDhcM693HtPlHGmtOt+O6WNza3tnfJuZW//4LBaOzruqNRICm2a8lT2IqKAMwFtzTSHXiaBJBGHbjS+m/vdCUjFUvGopxkECRkKFjNKtJXCWtWfAM0ns9CPDOegw1rdbbgL4HXiFaSOCrTC2pc/SKlJQGjKiVJ9z810kBOpGeUwq/hGQUbomAyhb6kgCaggXxw+w+dWGeA4lbaExgv190ROEqWmSWQ7E6JHatWbi/95faPjmyBnIjMaBF0uig3HOsXzFPCASaCaTy0hVDJ7K6YjIgnVNquKDcFbfXmddC4bntvwHq7qzdsijjI6RWfoAnnoGjXRPWqhNqLIoGf0it6cJ+fFeXc+lq0lp5g5QX/gfP4AY3uTjA==</latexit>

M•<latexit sha1_base64="V+HsUlNdeL7pBjlJKZOK8NGLtFU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyNEMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEaXk/9hyfUhifq3o5SDCXtKx5zRq2THm+7nSgTAm23XPGr/gxkmQQ5qUCOerf81eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4dvCEnDilR+JEu1KWzNTfE2MqjRnJyHVKagdm0ZuK/3ntzMaX4ZirNLOo2HxRnAliEzL9nvS4RmbFyBHKNHe3EjagmjLrMiq5EILFl5dJ86wa+NXg7rxSu8rjKMIRHMMpBHABNbiBOjSAgYRneIU3T3sv3rv3MW8tePnMIfyB9/kDy7OQZA==</latexit><latexit sha1_base64="V+HsUlNdeL7pBjlJKZOK8NGLtFU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyNEMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEaXk/9hyfUhifq3o5SDCXtKx5zRq2THm+7nSgTAm23XPGr/gxkmQQ5qUCOerf81eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4dvCEnDilR+JEu1KWzNTfE2MqjRnJyHVKagdm0ZuK/3ntzMaX4ZirNLOo2HxRnAliEzL9nvS4RmbFyBHKNHe3EjagmjLrMiq5EILFl5dJ86wa+NXg7rxSu8rjKMIRHMMpBHABNbiBOjSAgYRneIU3T3sv3rv3MW8tePnMIfyB9/kDy7OQZA==</latexit><latexit sha1_base64="V+HsUlNdeL7pBjlJKZOK8NGLtFU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyNEMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEaXk/9hyfUhifq3o5SDCXtKx5zRq2THm+7nSgTAm23XPGr/gxkmQQ5qUCOerf81eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4dvCEnDilR+JEu1KWzNTfE2MqjRnJyHVKagdm0ZuK/3ntzMaX4ZirNLOo2HxRnAliEzL9nvS4RmbFyBHKNHe3EjagmjLrMiq5EILFl5dJ86wa+NXg7rxSu8rjKMIRHMMpBHABNbiBOjSAgYRneIU3T3sv3rv3MW8tePnMIfyB9/kDy7OQZA==</latexit><latexit sha1_base64="V+HsUlNdeL7pBjlJKZOK8NGLtFU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyNEMDGSHGFvM5cs2d07dveEEPIrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEaXk/9hyfUhifq3o5SDCXtKx5zRq2THm+7nSgTAm23XPGr/gxkmQQ5qUCOerf81eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4dvCEnDilR+JEu1KWzNTfE2MqjRnJyHVKagdm0ZuK/3ntzMaX4ZirNLOo2HxRnAliEzL9nvS4RmbFyBHKNHe3EjagmjLrMiq5EILFl5dJ86wa+NXg7rxSu8rjKMIRHMMpBHABNbiBOjSAgYRneIU3T3sv3rv3MW8tePnMIfyB9/kDy7OQZA==</latexit>

~vi
<latexit sha1_base64="DWoahwLALxynHzkSONPT1Up60RE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNlJJxkyM7vMzAbCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdzfzmGLXhsXq0kwRDSQeK9zmj1klPnTGybDzt8m6p7Ff8OcgqCXJShhy1bumr04tZKlFZJqgx7cBPbJhRbTkTOC12UoMJZSM6wLajiko0YTY/eErOndIj/Vi7UpbM1d8TGZXGTGTkOiW1Q7PszcT/vHZq+zdhxlWSWlRssaifCmJjMvue9LhGZsXEEco0d7cSNqSaMusyKroQguWXV0njshL4leDhqly9zeMowCmcwQUEcA1VuIca1IGBhGd4hTdPey/eu/exaF3z8pkT+APv8wcuaJCk</latexit><latexit sha1_base64="DWoahwLALxynHzkSONPT1Up60RE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNlJJxkyM7vMzAbCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdzfzmGLXhsXq0kwRDSQeK9zmj1klPnTGybDzt8m6p7Ff8OcgqCXJShhy1bumr04tZKlFZJqgx7cBPbJhRbTkTOC12UoMJZSM6wLajiko0YTY/eErOndIj/Vi7UpbM1d8TGZXGTGTkOiW1Q7PszcT/vHZq+zdhxlWSWlRssaifCmJjMvue9LhGZsXEEco0d7cSNqSaMusyKroQguWXV0njshL4leDhqly9zeMowCmcwQUEcA1VuIca1IGBhGd4hTdPey/eu/exaF3z8pkT+APv8wcuaJCk</latexit><latexit sha1_base64="DWoahwLALxynHzkSONPT1Up60RE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNlJJxkyM7vMzAbCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdzfzmGLXhsXq0kwRDSQeK9zmj1klPnTGybDzt8m6p7Ff8OcgqCXJShhy1bumr04tZKlFZJqgx7cBPbJhRbTkTOC12UoMJZSM6wLajiko0YTY/eErOndIj/Vi7UpbM1d8TGZXGTGTkOiW1Q7PszcT/vHZq+zdhxlWSWlRssaifCmJjMvue9LhGZsXEEco0d7cSNqSaMusyKroQguWXV0njshL4leDhqly9zeMowCmcwQUEcA1VuIca1IGBhGd4hTdPey/eu/exaF3z8pkT+APv8wcuaJCk</latexit><latexit sha1_base64="DWoahwLALxynHzkSONPT1Up60RE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNlJJxkyM7vMzAbCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdzfzmGLXhsXq0kwRDSQeK9zmj1klPnTGybDzt8m6p7Ff8OcgqCXJShhy1bumr04tZKlFZJqgx7cBPbJhRbTkTOC12UoMJZSM6wLajiko0YTY/eErOndIj/Vi7UpbM1d8TGZXGTGTkOiW1Q7PszcT/vHZq+zdhxlWSWlRssaifCmJjMvue9LhGZsXEEco0d7cSNqSaMusyKroQguWXV0njshL4leDhqly9zeMowCmcwQUEcA1VuIca1IGBhGd4hTdPey/eu/exaF3z8pkT+APv8wcuaJCk</latexit>mi

<latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit><latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit><latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit><latexit sha1_base64="oYZmpsM3IqWi9Gx+yKk/EHN4Kuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rRjlMMJR0oHnNGrZMeZI/3yhW/6s9BVkmQkwrkqPfKX91+wjKJyjJBjekEfmrDCdWWM4HTUjczmFI2ogPsOKqoRBNO5qdOyZlT+iROtCtlyVz9PTGh0pixjFynpHZolr2Z+J/XyWx8HU64SjOLii0WxZkgNiGzv0mfa2RWjB2hTHN3K2FDqimzLp2SCyFYfnmVNC+qgV8N7i8rtZs8jiKcwCmcQwBXUIM7qEMDGAzgGV7hzRPei/fufSxaC14+cwx/4H3+AE/Ojc0=</latexit>
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• BH infalling in an NFW halo.


• Comparison with theoretical 
estimates of Taffoni+03. 

• Resolution 50 pc > rdef ~ 10 pc

Unresolved dynamics
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Outline
A. A first step to better track the dynamics of BHs 

B. Lonely black holes at high redshift (Pfister in prep) 

1. Set up


2. Results
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Set up
• Zooms on a 1012 M⦿ halo at z=2


• State of the art subgrid physics: 
metals, cooling, star formation, 
supernovae, AGNs

�13

Name Δx Drag Seed BH

72pc_PD_BH1e4 72 All 104 M⦿

36pc_PD_BH1e4 36 All 104 M⦿

9pc_PD_BH1e4 9 All 104 M⦿
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Results
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Results
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Convergence for 
<36 pc resolution
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Conclusions
• Resolve the influence radius of the BH is necessary to self-consistently 

compute the dynamics of BHs in the dynamical friction phase.


• We developed a physically motivated model to take into account dynamical 
friction from stars/DM in Ramses. It is the only code with a physically 
motivated subgrid model for dynamical friction from gas, stars and 
DM. 

• This model still requires high resolution (~10 pc): it is not optimal for 
cosmological studies down to z=0 or with large volumes.


• but affordable at high redshift to investigate seeds BHs. A key project for 
LISA.


• Future work: extension to “correct” also low resolution simulations to reach 
z=0 or simulate large volumes.
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