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Generative AI & Diffusion Models 

• Diffusion models are the state of the art in generating image, videos, audio, 3-d scenes	
Audios VideosImages

Lagrangian  turbulence (Li, Biferale et al 2024)	

scientific sampling 

• Application to science 	
generation & sampling

2015 Sohl-Dickstein et al. (physics paper)	
2019 Yang & Ermon; 2020, Ho et al, 2021 Song et al…	
2021 Dall-E,…	

-> Eric Vanden Eijnden 



Time-reversal and generative AI for images

Generative diffusion models go back in time	
(denoising from white noise) 	
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Equilibration

Backward in time 

Forward in time 
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Recap on Langevin Equation 
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E[·] = h·iIn math notation 

Fokker-Planck Equation & Equilibration  
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x 2 Rd
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Forward process: equilibration in a quadratic well
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Formation on main classes/features of the data from pure noise	

Extensions of the theory 
• GMs on low dimensional manifolds and 	

latent spaces (Achilli et al. 2025, George et al 2025)	

• StatMech Models: Curie-Weiss and 1D Ising 	
(GB and Mezard 2023, Achilli to appear; Guth and Bruna to appear)	

• Hierarchical Models  	
(Sclocchi et 2024, Pavasovic et al 2025)	

• General large-t expansion: 
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tS =
1

2
log⇤

Largest principal component of the correlation matrix 	
of the data 
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⇤

GB, Bonnaire, De Bortoli, Mézard Nature Commun. 2024

(GB et al 2024)



Tests in Real ImagesModel 	

Similar model of Ho et al 2020	
U-Net, 4 resolution maps 	
with 2 convolutional blocks 	

Dropout rate 0.1	
25.7 millions parameters	

Training 	

Adam optimizer	
LR 	

Multiplied by 0.98 every 50 epochs 	
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Probability 2 clones 	
in the same class 

Speciation Transition in Real Images  

Confirm the speciation phenomenon &  good estimation of the speciation time 

Observed numerically in U-turns experiments 
Behjoo et al 2023	
Kadkhodale et al 2023 	
Schlocchi et al 2024

Cloning experiment
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tS =
1

2
log⇤

Analytical result for 	
simple models

Numerical experiments 

Dynamical regimes relevant for applications -> conditional diffusion & classifier free guidance        	
(Kynkäänniemi et al 2024 (NVIDIA), Pavasovic et al 2025)



Why Diffusion Models Don’t Memorize?

Memorization-Generalization Transition 



Memorisation vs Generalisation 

n=200                               n=40000

See also Kadkhodale, Guth, Simoncelli, Mallat 2023: experiment with two models on two training sets

Relevant for theory and practice 	
(copyright problems and differential privacy)	

Generalisation for large enough training sets 	
(generation of new images and independence on the training set) 

Bonnaire, et al Nat. Comm. 2024	



Memorisation vs Generalisation 

Generalisation for large enough training sets 	
(generation of new images and independence on the training set) 

Kadkhodale, Guth, Simoncelli, Mallat 2023



Memorization vs Generalization 	
for a “perfect machine” 

<latexit sha1_base64="u2Sjgn9A9ahEWXmX8pift9ab7AY=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISEfVY9OKxgv2ANoTNdtIu3WzC7qZYQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHLRWnkkKTxjyWnYAo4ExAUzPNoZNIIFHAoR2Mbmd+ewxSsVg86EkCXkQGgoWMEm0k3y43/Ez77rTaGwPFj2e+XXFqzhx4lbg5qaAcDd/+6vVjmkYgNOVEqa7rJNrLiNSMcpiWeqmChNARGUDXUEEiUF42P3yKT43Sx2EsTQmN5+rviYxESk2iwHRGRA/VsjcT//O6qQ6vvYyJJNUg6GJRmHKsYzxLAfeZBKr5xBBCJTO3YjokklBtsiqZENzll1dJ67zmXtbc+4tK/SaPo4iO0QmqIhddoTq6Qw3URBSl6Bm9ojfryXqx3q2PRWvBymeO0B9Ynz+vz5J1</latexit>

Pt1(~x)

<latexit sha1_base64="CGDXGzt6I7DkCnfcEicXrsOFKHk=">AAAB/3icbVDLSgNBEJyNrxhfUcGLl8EgxEvYFVGPQS8eI5gHJHGZnXSSIbMPZnqDYc3BX/HiQRGv/oY3/8ZJsgdNLGgoqrrp7vIiKTTa9reVWVpeWV3Lruc2Nre2d/K7ezUdxopDlYcyVA2PaZAigCoKlNCIFDDfk1D3BtcTvz4EpUUY3OEogrbPeoHoCs7QSG7+oOIm6Drj+wRVDONiawicPpy4+YJdsqegi8RJSYGkqLj5r1Yn5LEPAXLJtG46doTthCkUXMI414o1RIwPWA+ahgbMB91OpveP6bFROrQbKlMB0qn6eyJhvtYj3zOdPsO+nvcm4n9eM8buZTsRQRQjBHy2qBtLiiGdhEE7QgFHOTKEcSXMrZT3mWIcTWQ5E4Iz//IiqZ2WnPOSc3tWKF+lcWTJITkiReKQC1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6w1Y6Uz++QPrM8flfGV0Q==</latexit>

P true
t1 (~x)

Regime II Regime III

Memorization

Global minimum: 

<latexit sha1_base64="rWtRtEH5gciDpiGCgpqEah/mrBM="></latexit>
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<latexit sha1_base64="GIibCA8Lva2q9std7rROZHn11KM="></latexit>

Semp(x, t) = r log

0

@ 1

n

nX

⌫=1

e�
(x�x⌫e�t)2

2�t

(2⇡�t)
d/2

1

A

A perfect and perfectly trained machine would 	
lead to memorization 

Curse of dimensionality	
(Exponential number of data to decrease the memorization phase )

<latexit sha1_base64="3hpFqpufgfI8PfCg1M6KE4hmmjg="></latexit>

Pt2(~x) =
1

n

nX

⌫=1

e�
(x�x⌫e�t)2

2�t

(2⇡�t)
d/2

<latexit sha1_base64="vLIA616J5gbA3cw0ReH0p58lVik="></latexit>

P true
t2 (~x) =

Z
P0(x

⌫)
e�

(x�x⌫e�t)2

2�t

(2⇡�t)
d/2

dx⌫

<latexit sha1_base64="CYBASv9iS46ejSgxOH6DVvETgtw=">AAACDXicbVDLSsNAFJ3UV62vqks3g1WoUEoiooIUit24rGAf0MQwmUzaoZNJmJkIJfQH3Pgrblwo4ta9O//GaZuFth64l8M59zJzjxczKpVpfhu5peWV1bX8emFjc2t7p7i715ZRIjBp4YhFoushSRjlpKWoYqQbC4JCj5GON2xM/M4DEZJG/E6NYuKEqM9pQDFSWnKLR7xG7lMbsXiAoD+2K3blatKU26gF5Zl+4hZLZtWcAi4SKyMlkKHpFr9sP8JJSLjCDEnZs8xYOSkSimJGxgU7kSRGeIj6pKcpRyGRTjq9ZgyPteLDIBK6uIJT9fdGikIpR6GnJ0OkBnLem4j/eb1EBZdOSnmcKMLx7KEgYVBFcBIN9KkgWLGRJggLqv8K8QAJhJUOsKBDsOZPXiTt06p1XrVuz0r16yyOPDgAh6AMLHAB6uAGNEELYPAInsEreDOejBfj3fiYjeaMbGcf/IHx+QPkxpos</latexit>

n = e↵d ; tC = f(↵)
<latexit sha1_base64="qUAsDYRcvlQ+IIbc5CCMafPB3Oo=">AAAB+nicbVBNSwMxEM3Wr1q/tnr0EiyCp7Iroh6LvXisYD+gXZZsmrah2WRJZi1l9ad48aCIV3+JN/+NabsHbX0w8Hhvhpl5USK4Ac/7dgpr6xubW8Xt0s7u3v6BWz5sGZVqyppUCaU7ETFMcMmawEGwTqIZiSPB2tG4PvPbD0wbruQ9TBMWxGQo+YBTAlYK3TKE9Z7mwxEQrdUEezh0K17VmwOvEj8nFZSjEbpfvb6iacwkUEGM6fpeAkFGNHAq2FOplxqWEDomQ9a1VJKYmSCbn/6ET63SxwOlbUnAc/X3REZiY6ZxZDtjAiOz7M3E/7xuCoPrIOMySYFJulg0SAUGhWc54D7XjIKYWkKo5vZWTEdEEwo2rZINwV9+eZW0zqv+ZdW/u6jUbvI4iugYnaAz5KMrVEO3qIGaiKIJekav6M15dF6cd+dj0Vpw8pkj9AfO5w+IwpOG</latexit>

tC ! 0 for 
<latexit sha1_base64="Wp+PMDZE6dnNarbWwxDSsaT1FI4=">AAACA3icbVDLSgNBEJyNrxhfUW96GQyCp7Aroh6DXjxGMA/IhtA7mU2GzM4uM73KEgJe/BUvHhTx6k9482+cPA6aWNBQVHXT3RUkUhh03W8nt7S8srqWXy9sbG5t7xR39+omTjXjNRbLWDcDMFwKxWsoUPJmojlEgeSNYHA99hv3XBsRqzvMEt6OoKdEKBiglTrFAx9k0gfqa9HrI2gdP1BfqBAz2imW3LI7AV0k3oyUyAzVTvHL78YsjbhCJsGYlucm2B6CRsEkHxX81PAE2AB6vGWpgoib9nDyw4geW6VLw1jbUkgn6u+JIUTGZFFgOyPAvpn3xuJ/XivF8LI9FCpJkSs2XRSmkmJMx4HQrtCcocwsAaaFvZWyPmhgaGMr2BC8+ZcXSf207J2XvduzUuVqFkeeHJIjckI8ckEq5IZUSY0w8kieySt5c56cF+fd+Zi25pzZzD75A+fzB9FIl6I=</latexit>

↵ ! 1

  Bonnaire, et al Nat. Comm. 2024	

 (Mapping to disordered systems)



• Generalisation due to architectural regularization 	

• Generalisation due to dynamical regularisation
• Wu, Marion, Biau, Boyer 2025: “Taking a big step: Large learning rates in denoising score matching 	
prevent memorization.” - > learning rate	

• Li,Li, Zhang, Bian 2025: “On the generalisation properties of diffusion models” -> early stopping	

• Kamb, Ganguli 2024; Kadkhodale  et al. 2023 -> convolutional architecture 	

• George, Veiga, Macris 2025: "Denoising Score Matching with Random Features: Insights on Diffusion Models 
from Precise Learning Curves” -> Analytical study on Random Feature Score Models

How Diffusion Models Avoid Memorization in Practice?

Implicit dynamical regularisation Bonnaire, Urfin, GB, Mézard 2025	
See also Favero,Schlocchi, Wyart 2025



A Recap (or Crash Course) in Renormalization Group

• RG: Hierarchical coarse grain of the probability distribution from small to large 
scale. From small scale properties to large scale physics.   	

• After more than 50 years of works on RG, it turns out that there is a new 
dynamical formulation of RG and that is strongly connected to diffusion models!

One of the most important conceptual framework in physics -> theory of phase 
transitions, high-energy physics, multi scale phenomena

Kenneth Wilson 1982
Nobel Prize in Physics 

Bauerschmidt, Bodineau, Dagallier 2023 (and before); Clothler, Rezchikov 2023; Masuki, Ashida 2025 	



Renormalisation group in a nutshell 

RG for 	
the Ising Model 

• Integrate out the “fast” (or local) degrees of freedom and rescale	
<latexit sha1_base64="G5u/EsmPrOJgVF/qf0iUyZ5+lvw=">AAACFnicbVDLSsNAFJ34rPUVdelmsAhuWpIi6kYounFZwT6giWEynbRjJ5kwM1FKyFe48VfcuFDErbjzb5ymWWjrgcs9nHMvM/f4MaNSWda3sbC4tLyyWlorr29sbm2bO7ttyROBSQtzxkXXR5IwGpGWooqRbiwICn1GOv7ocuJ37omQlEc3ahwTN0SDiAYUI6Ulz6w6hDEvvava2Xn9Nu+OoIOhQkLwB1i4Uy+DnlmxalYOOE/sglRAgaZnfjl9jpOQRAozJGXPtmLlpkgoihnJyk4iSYzwCA1IT9MIhUS6aX5WBg+10ocBF7oiBXP190aKQinHoa8nQ6SGctabiP95vUQFZ25KozhRJMLTh4KEQcXhJCPYp4JgxcaaICyo/ivEQyQQVjrJsg7Bnj15nrTrNfukZl8fVxoXRRwlsA8OwBGwwSlogCvQBC2AwSN4Bq/gzXgyXox342M6umAUO3vgD4zPH8pXnyY=</latexit>

`j�1 = 2j�1 ! `j = 2j
<latexit sha1_base64="cKURQmPr3GFwD692/XHlvyuEdg4=">AAACL3icbVBbS8MwGE29znqr+uhLcAgb6GhF1MehID5OcBdYS0mzdItLLyTpZJT+I1/8K3sRUcRX/4XZVnBuHgicnHM+ku94MaNCmuabtrS8srq2XtjQN7e2d3aNvf2GiBKOSR1HLOItDwnCaEjqkkpGWjEnKPAYaXr9m7HfHBAuaBQ+yGFMnAB1Q+pTjKSSXOPWTu0B4nGPuunjqZWVaNnOoG5z2u1JxHn0BEuzkWngREmx+L2XXaNoVswJ4CKxclIEOWquMbI7EU4CEkrMkBBty4ylkyIuKWYk0+1EkBjhPuqStqIhCohw0sm+GTxWSgf6EVcnlHCizk6kKBBiGHgqGSDZE/PeWPzPayfSv3JSGsaJJCGePuQnDMoIjsuDHcoJlmyoCMKcqr9C3EMcYakq1lUJ1vzKi6RxVrEuKtb9ebF6nddRAIfgCJSABS5BFdyBGqgDDJ7BCLyDD+1Fe9U+ta9pdEnLZw7AH2jfPzkjqSw=</latexit>

{'j�1(i)} ! ({'j(i)}, { j(i)})

Coarse-grained field Small scale fluctuations	
“Fast degrees of freedom”

<latexit sha1_base64="bqd5wL2AoOn97ENXjCJAtphxEl8=">AAACIXicbVDLSsNAFJ3UV42vqks3g0VoF5ZERLsRim5cRrAPaEKYTKbttJMHM5NCCfkVN/6KGxeKdCf+jNO0i9p6YYZzzz2Xe+/xYkaFNIxvrbCxubW9U9zV9/YPDo9KxyctESUckyaOWMQ7HhKE0ZA0JZWMdGJOUOAx0vZGD7N6e0y4oFH4LCcxcQLUD2mPYiQV5ZbquuUOK/YY8XhA3XSYVe9sGkro27HIc2ip/9LMljQqg1W3VDZqRh5wHZgLUAaLsNzS1PYjnAQklJghIbqmEUsnRVxSzEim24kgMcIj1CddBUMUEOGk+YUZvFCMD3sRV09tl7PLHSkKhJgEnlIGSA7Eam1G/lfrJrJXd1IaxokkIZ4P6iUMygjO7II+5QRLNlEAYU7VrhAPEEdYKlN1ZYK5evI6aF3VzJua+XRdbtwv7CiCM3AOKsAEt6ABHoEFmgCDF/AGPsCn9qq9a1/adC4taIueU/AntJ9fDU2i0g==</latexit>

Pj('j) =

Z
d jPj�1('j�1)

<latexit sha1_base64="ahvn4pbo+G3HNedP/doHQBBsujo=">AAACKHicbVDLSgMxFM34rOOr6tJNsAh1YZkRUTdi0Y3LivaBnTpk0kybNvMgyRRKmM9x46+4EVGkW7/EtJ2Fth4IHM45l9x7vJhRIS1rZCwsLi2vrObWzPWNza3t/M5uTUQJx6SKIxbxhocEYTQkVUklI42YExR4jNS9/s3Yrw8IFzQKH+QwJq0AdULqU4ykltz8lVlxe0VngHjcpa7qpUeXjs8RVnaqHt1eSp7UsXICJLsYMXifzoRTN1+wStYEcJ7YGSmADBU3/+60I5wEJJSYISGathXLlkJcUsxIajqJIDHCfdQhTU1DFBDRUpNDU3iolTb0I65fKOFE/T2hUCDEMPB0cryymPXG4n9eM5H+RUvRME4kCfH0Iz9hUEZw3BpsU06wZENNEOZU7wpxF+mepO7W1CXYsyfPk9pJyT4r2XenhfJ1VkcO7IMDUAQ2OAdlcAsqoAoweAav4AN8Gi/Gm/FljKbRBSOb2QN/YHz/ALBbpwU=</latexit>

Pj('j) =
1

Zj
e�Sj('j)

<latexit sha1_base64="JRIuAzmNgZgs63fpzi22CEUPizI=">AAACMXicbVDJTgJBEO3BDXEb9eilIzGBg2TGGPVI9MIRoywJQ0hN00BDz5LuHgyZzC958U+MFw4a49WfsFkOLL6kk9evXqWqnhtyJpVljY3UxubW9k56N7O3f3B4ZB6fVGUQCUIrJOCBqLsgKWc+rSimOK2HgoLnclpzBw+Tem1IhWSB/6xGIW160PVZhxFQWmqZpUzseKB6BDh+Slpx/9JOcs4QRNhjs1/eEazbUyBE8LLk7S/4knzLzFoFawq8Tuw5yaI5yi3z3WkHJPKorwgHKRu2FapmDEIxwmmScSJJQyAD6NKGpj54VDbj6cUJvtBKG3cCoZ+v8FRd7IjBk3Lkudo52Viu1ibif7VGpDp3zZj5YaSoT2aDOhHHKsCT+HCbCUoUH2kCRDC9KyY9EECUDjmjQ7BXT14n1auCfVOwH6+zxft5HGl0hs5RDtnoFhVRCZVRBRH0ij7QJ/oy3oyx8W38zKwpY95zipZg/P4B28OqqA==</latexit>

Sj�1('j�1) ! Sj('j)



Renormalisation group in a nutshell 

• Integrate out the “fast” (or local) degrees of freedom and rescale	

• RG leads to a flow in energy functions (or probability distributions) 	

• Second order phase transition associated 	
to non-trivial fixed points  	

-> no singular behaviour (divergencies), no instability.

Crucial ingredient 	
RG always works on  short-scale (or“fast”) 	

degrees of freedom scale by scale 

<latexit sha1_base64="cKURQmPr3GFwD692/XHlvyuEdg4=">AAACL3icbVBbS8MwGE29znqr+uhLcAgb6GhF1MehID5OcBdYS0mzdItLLyTpZJT+I1/8K3sRUcRX/4XZVnBuHgicnHM+ku94MaNCmuabtrS8srq2XtjQN7e2d3aNvf2GiBKOSR1HLOItDwnCaEjqkkpGWjEnKPAYaXr9m7HfHBAuaBQ+yGFMnAB1Q+pTjKSSXOPWTu0B4nGPuunjqZWVaNnOoG5z2u1JxHn0BEuzkWngREmx+L2XXaNoVswJ4CKxclIEOWquMbI7EU4CEkrMkBBty4ylkyIuKWYk0+1EkBjhPuqStqIhCohw0sm+GTxWSgf6EVcnlHCizk6kKBBiGHgqGSDZE/PeWPzPayfSv3JSGsaJJCGePuQnDMoIjsuDHcoJlmyoCMKcqr9C3EMcYakq1lUJ1vzKi6RxVrEuKtb9ebF6nddRAIfgCJSABS5BFdyBGqgDDJ7BCLyDD+1Fe9U+ta9pdEnLZw7AH2jfPzkjqSw=</latexit>

{'j�1(i)} ! ({'j(i)}, { j(i)})

<latexit sha1_base64="FGTWUyzyp81IuWiGJBEhVK08qvE=">AAACMXicbVDLTgIxFO34xPGFunTTSExgIZkxRl0S3bDERB4JQ8idUqDQeaTtYMhkfsmNf2LcsNAYt/6EHWDBw5M0OT333Nx7jxtyJpVlTYyNza3tnd3Mnrl/cHh0nD05rckgEoRWScAD0XBBUs58WlVMcdoIBQXP5bTuDh/Ten1EhWSB/6zGIW150PNZlxFQWmpny2bseKD6BDguJ+14cGUneWcEIuyz2a/gCNbrKxAieFnyDhZ8SaGdzVlFawq8Tuw5yaE5Ku3su9MJSORRXxEOUjZtK1StGIRihNPEdCJJQyBD6NGmpj54VLbi6cUJvtRKB3cDoZ+v8FRd7IjBk3LsudqZbixXa6n4X60Zqe59K2Z+GCnqk9mgbsSxCnAaH+4wQYniY02ACKZ3xaQPAojSIZs6BHv15HVSuy7at0X76SZXepjHkUHn6ALlkY3uUAmVUQVVEUGv6AN9oi/jzZgY38bPzLphzHvO0BKM3z+3J6qS</latexit>

Hj�1('j�1) ! Hj('j)

The probability distribution is singular (phase transition + multiscale)	
Perturbation theory fails but approximating the RG flow is fine  

Approximation 
<latexit sha1_base64="bqd5wL2AoOn97ENXjCJAtphxEl8=">AAACIXicbVDLSsNAFJ3UV42vqks3g0VoF5ZERLsRim5cRrAPaEKYTKbttJMHM5NCCfkVN/6KGxeKdCf+jNO0i9p6YYZzzz2Xe+/xYkaFNIxvrbCxubW9U9zV9/YPDo9KxyctESUckyaOWMQ7HhKE0ZA0JZWMdGJOUOAx0vZGD7N6e0y4oFH4LCcxcQLUD2mPYiQV5ZbquuUOK/YY8XhA3XSYVe9sGkro27HIc2ip/9LMljQqg1W3VDZqRh5wHZgLUAaLsNzS1PYjnAQklJghIbqmEUsnRVxSzEim24kgMcIj1CddBUMUEOGk+YUZvFCMD3sRV09tl7PLHSkKhJgEnlIGSA7Eam1G/lfrJrJXd1IaxokkIZ4P6iUMygjO7II+5QRLNlEAYU7VrhAPEEdYKlN1ZYK5evI6aF3VzJua+XRdbtwv7CiCM3AOKsAEt6ABHoEFmgCDF/AGPsCn9qq9a1/adC4taIueU/AntJ9fDU2i0g==</latexit>

Pj('j) =

Z
d jPj�1('j�1)



Renormalisation group in a nutshell 

• Obtaining the RG flow is a crucial for many physical systems -> major problem 	
in physics	

• Exact and non-perturbative RG by Polchinsky (and later Wetterich)	

• Many methods to implement RG approximatively (Kadanoff real-space, 	
Wilson-Fisher Fourier space, Operator expansions,…)


