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Generative	AI	&	Diffusion	Models	

• Wide	range	of	applications:	from	text-to-image	to	science	(generation	&	sampling)	

An	angry	bird Statistical	Physics	and	Machine	Learning		

Lagrangian		turbulence	
Li,	Biferale	et	al	2024

• Generation	of	images,	videos,	audios,	3-d	scenes,…	e.g.	Dall-E	
Images	(fake	celebrities)	 Audios	 Videos



Diffusion	Models

Training	set:	a	set	of	images	
										d	is	the	dimension	of	the	data,	n	their	number	

Langevin	equation	for	an	Ornstein-Uhlenbeck	process	(equilibrium	relaxation	in	a	well)

It	transforms	the	data	in	iid	Gaussian																			at	t>>1
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N (0, 1)

Diffusion	models	learn	how	to	go	backward	in	time		
Generating	new	images	from	white	noise	(denoising)
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µ = 1, ..., n
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Time-reversal	

Score	function	provides	the	force	bield	to	go	back	in	time	
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N (0, 1)Time-reversed	Langevin	equation	transforms	iid	Gaussians																				in	new	data	
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PGauss(~x) ! Pdata(~x)

Sohl-Dickstein	et	al	2015	(ideas	from	out	of	equilibrium	thermodynamics)		
Yang	&	Ermon	2019,	Ho	et	al	2020,	…		
For	a	review	see	Yang	et	al	“Diffusion	Models:	A	Comprehensive	Survey	of	Methods	and	Applications		

Diffusion	models	learn	an	estimate	of	the	score	from	data		
and	are	able	to	reverse	time		(denoise)
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Theory:	a	partial	state	of	the	art

• Convergence	toward	the	data	distribution	(De	Bortoli,		Doucet	et	al.	(2021,	2022))	

• Generalisation	and	structure	of	data	(GB,	Mézard	2023;	Raya,	Ambrogioni	2023;	Kadkhodale,	
Guth,	Simoncelli,	Mallat	2023;	Schlocchi,	Favero,	Wyart	2024,…)	

• Sample	complexity	and	high-dimensional	data	(GB,	M.	Mézard	2023;	Cui,	Krzakala,	Vanden-
Eijnden,	Zdeborova	2023;	Mei	2024,…)		

• Sampling	and	Stochastic	Interpolants,	Stochastic	Localisation	(Ghio,	Dandi,	Krzakala,	
Zdeborova	2023;	Montanari	et	al.	2023-2024;	Bach,	Park,	Saremi	2023;	Bae,	Marinari,	Ricci-
Tersenghi	2024,…)	

				



Two	main	questions	&	phenomena		
	



Formation	on	main	classes/features	of	the	data	from	pure	noise	
Speciation

?

Connections	to	structure	of	data	analysis		
Symmetry	Breaking	Phenomenon	



Two	phenomena

Memorization	vs	Generalisation	
(Collapse	transition)

n=200																															n=40000
@TBonnaire	arxiv	2402.18491	
See	also	Kadkhodale,	Guth,	Simoncelli,	Mallat	2023	 Relevant	for	copyright	problems	and	differential	privacy	

Glass	Transition			



Theoretical	Study	
• Exact	solution	of	simple	high-dimensional	models:	Gaussian	mixture	and		
Curie-Weiss	model	of	ferromagnetism	(models	of	two	classes)		
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Methods:	Dynamical	Mean-Field	Theory,	Spin-Glass	Theory,	Out-of-Equilibrium	Dynamics	

• High	dimensional	limit:	the	dimension	and	the	number	of	data	are	very	large,		
in	the	analysis	they	go	to	inbinity.	

• Exact	empirical	score	hypothesis			

<latexit sha1_base64="ksQY0J+e0rLO1Dquwvd+ywhEFRo="></latexit>

Fi(~x, t) =
@ logPt(~x)

@xi

<latexit sha1_base64="YG+7KX9+rQnC+OcgQHhxSNV4Xso="></latexit>

Pt(~x) =

Z
d~a P e

0 (~a)
1

p
2⇡�t

d
exp

✓
�1

2

(~x� ~ae�t)2

�t

◆
Empirical	distribution	
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Three	Dynamical	Regimes		

Two	transitions		

Speciation	and	memorization			



Regime	I	and	Speciation	Transition		

Symmetry	breaking	of	the	dynamical	trajectories			

Beginning	of	the	backward	process		
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de�t ⌧ 1 <latexit sha1_base64="QLa0W/gS/MC7S1MeHKYnS6p1+xs=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHcWBIRdVl047KCfUATy2QySYdOHs7cCCHEX3HjQhG3fog7/8bpY6GtBy4czrmXe+/xUsEVWNa3sbS8srq2Xtmobm5t7+yae/sdlWSSsjZNRCJ7HlFM8Ji1gYNgvVQyEnmCdb3R9djvPjKpeBLfQZ4yNyJhzANOCWhpYNYc9SCh8Et2X5xA6YQhtgdm3WpYE+BFYs9IHc3QGphfjp/QLGIxUEGU6ttWCm5BJHAqWFl1MsVSQkckZH1NYxIx5RaT40t8pBUfB4nUFQOeqL8nChIplUee7owIDNW8Nxb/8/oZBJduweM0AxbT6aIgExgSPE4C+1wyCiLXhFDJ9a2YDokkFHReVR2CPf/yIumcNuzzhn17Vm9ezeKooAN0iI6RjS5QE92gFmojinL0jF7Rm/FkvBjvxse0dcmYzdTQHxifP68AlMg=</latexit>p

de�t � 1

<latexit sha1_base64="wJGrME85IV2tq6r21h6Kw4gP2FA=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiRF1GXRjcuK9gFNCJPppB06mYkzE6GErNz4K25cKOLWb3Dn3zhts9DWAxcO59zLvfeECaNKO863VVpaXlldK69XNja3tnfs3b22EqnEpIUFE7IbIkUY5aSlqWakm0iC4pCRTji6mvidByIVFfxOjxPix2jAaUQx0kYK7EMd3HqKxuQeepFEOHPzrJ5Dj4kB7MPArjo1Zwq4SNyCVEGBZmB/eX2B05hwjRlSquc6ifYzJDXFjOQVL1UkQXiEBqRnKEcxUX42fSOHx0bpw0hIU1zDqfp7IkOxUuM4NJ0x0kM1703E/7xeqqMLP6M8STXheLYoShnUAk4ygX0qCdZsbAjCkppbIR4ik4Y2yVVMCO78y4ukXa+5ZzX35rTauCziKIMDcAROgAvOQQNcgyZoAQwewTN4BW/Wk/VivVsfs9aSVczsgz+wPn8AIVKYQQ==</latexit>

tS ' 1

2
log d

<latexit sha1_base64="v01YTeQ8DT634KIJMXFU0ZojPMM="></latexit>

V (q, t) =
1

2
q2 � 2µ2 log cosh

⇣
qe�t

p
d
⌘

Gaus
sia

n M
ixt

ure
 

<latexit sha1_base64="sm1VNQtzO6Qspg7A6Ck0YIO2Cmw=">AAACHnicbVDLSsNAFJ34tr6iLt0MFqHdlER8bYSiG3cq2Co0pUwmk3boTBJnbool5Evc+CtuXCgiuNK/cfpYaOuBC2fOuZe59/iJ4Boc59uamZ2bX1hcWi6srK6tb9ibW3Udp4qyGo1FrO58opngEasBB8HuEsWI9AW79bvnA/+2x5TmcXQD/YQ1JWlHPOSUgJFa9qEn0xKUT71QEZp5PUbxA/ZoEAMePnp55ul7BVmQ59jTXOLLkltu2UWn4gyBp4k7JkU0xlXL/vSCmKaSRUAF0brhOgk0M6KAU8HygpdqlhDaJW3WMDQikulmNjwvx3tGCXAYK1MR4KH6eyIjUuu+9E2nJNDRk95A/M9rpBCeNDMeJSmwiI4+ClOBIcaDrHDAFaMg+oYQqrjZFdMOMUGBSbRgQnAnT54m9f2Ke1Rxrw+K1bNxHEtoB+2iEnLRMaqiC3SFaoiiR/SMXtGb9WS9WO/Wx6h1xhrPbKM/sL5+AAigocs=</latexit>

µ(t) =
~x · ~vp

d
⇠ O(1)

<latexit sha1_base64="92pBVVr7F6D9sQeQa/JTskUYMmU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QEUr65YpbdRcg68TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBZqZdqTCgb0yF2LZU0Qu1ni3Nn5MIqAxLGypY0ZKH+nshopPU0CmxnRM1Ir3pz8T+vm5rw1s+4TFKDki0XhakgJibz38mAK2RGTC2hTHF7K2EjqigzNqGSDcFbfXmdtK6qXq3qPV5X6nd5HEU4g3O4BA9uoA4P0IAmMBjDM7zCm5M4L86787FsLTj5zCn8gfP5A3lDjwE=</latexit>

~a

<latexit sha1_base64="lxxB9yDpsd85z+LWer1AlbvT3mI=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJRNRl0Y1upIJ9QBPKZHrTDp08mJkUSuzCX3HjQhG3/oY7/8ZJm4VWDwwczrmXe+Z4MWdSWdaXUVhYXFpeKa6W1tY3NrfM7Z2mjBJBoUEjHom2RyRwFkJDMcWhHQsggceh5Q2vMr81AiFZFN6rcQxuQPoh8xklSktdcy91AqIGlHB8O6k4I6B4dHxz1DXLVtWaAv8ldk7KKEe9a346vYgmAYSKciJlx7Zi5aZEKEY5TEpOIiEmdEj60NE0JAFIN53mn+BDrfSwHwn9QoWn6s+NlARSjgNPT2Zh5byXif95nUT5F27KwjhRENLZIT/hWEU4KwP3mACq+FgTQgXTWTEdEEGo0pWVdAn2/Jf/kuZJ1T6r2nen5dplXkcR7aMDVEE2Okc1dI3qqIEoekBP6AW9Go/Gs/FmvM9GC0a+s4t+wfj4BoRplR8=</latexit>

N (~v, I)

<latexit sha1_base64="pNZNjfXf4iC3elq4ydqq+IHNH4A=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUEFLIqIui250IxXsA5pQJtPbOnTyYGZSKCEbf8WNC0Xc+hnu/BsnbRbaeuDC4Zx7ufceL+JMKsv6NgoLi0vLK8XV0tr6xuaWub3TlGEsKDRoyEPR9ogEzgJoKKY4tCMBxPc4tLzhdea3RiAkC4MHNY7A9ckgYH1GidJS19xLHJ+oR0o4vksrJ84IKB4d3x51zbJVtSbA88TOSRnlqHfNL6cX0tiHQFFOpOzYVqTchAjFKIe05MQSIkKHZAAdTQPig3STyQMpPtRKD/dDoStQeKL+nkiIL+XY93Rndq2c9TLxP68Tq/6lm7AgihUEdLqoH3OsQpylgXtMAFV8rAmhgulbMX0kglClMyvpEOzZl+dJ87Rqn1ft+7Ny7SqPo4j20QGqIBtdoBq6QXXUQBSl6Bm9ojfjyXgx3o2PaWvByGd20R8Ynz/0I5VW</latexit>

N (�~v, I)

<latexit sha1_base64="1vXGiHQWtaMdr2hhknk1V66RzD0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4qkkR9Vj04rGi/YA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpwTuv9kplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8NrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs1qxbusePcX5dpNHkcBjuEEzsCDK6jBHdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gBaA40w</latexit>

1/2

<latexit sha1_base64="1vXGiHQWtaMdr2hhknk1V66RzD0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4qkkR9Vj04rGi/YA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpwTuv9kplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8NrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs1qxbusePcX5dpNHkcBjuEEzsCDK6jBHdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gBaA40w</latexit>

1/2

<latexit sha1_base64="AUr8uYRWkAuMm3JGA471zS58jQc=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZIi6kYounFZwT6giWUymbRDZyZhZhIoaf/EjQtF3Pon7vwbp20W2nrgwuGce7n3niBhVGnH+bZKa+sbm1vl7crO7t7+gX141FZxKjFp4ZjFshsgRRgVpKWpZqSbSIJ4wEgnGN3N/E5GpKKxeNTjhPgcDQSNKEbaSH3bnngZwTCbPNVvPJ7CsG9XnZozB1wlbkGqoECzb395YYxTToTGDCnVc51E+zmSmmJGphUvVSRBeIQGpGeoQJwoP59fPoVnRglhFEtTQsO5+nsiR1ypMQ9MJ0d6qJa9mfif10t1dO3nVCSpJgIvFkUpgzqGsxhgSCXBmo0NQVhScyvEQyQR1iasignBXX55lbTrNfey5j5cVBu3RRxlcAJOwTlwwRVogHvQBC2AQQaewSt4s3LrxXq3PhatJauYOQZ/YH3+AKuRkwg=</latexit>

|~v|2 = µd



Cloning	trajectories	 Probability	of	ending	in	the	same	class

“Speciation”	or	“Symmetry	breaking”	of	the	backward	process	at		

<latexit sha1_base64="QXzwgL8Z8nNM+VxE79eSqpnSEtE=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxCu7AkIupGKLpxWcE+oIllMpm0QycPZ26EEoIbf8WNC0Xc+hXu/BunbRbaeuDC4Zx7ufceN+ZMgml+a4WFxaXlleJqaW19Y3NL395pySgRhDZJxCPRcbGknIW0CQw47cSC4sDltO0Or8Z++4EKyaLwFkYxdQLcD5nPCAYl9fQ9Ox6wClQv/Iot7wWkXkbv0iPIqj29bNbMCYx5YuWkjHI0evqX7UUkCWgIhGMpu5YZg5NiAYxwmpXsRNIYkyHu066iIQ6odNLJC5lxqBTP8COhKgRjov6eSHEg5ShwVWeAYSBnvbH4n9dNwD93UhbGCdCQTBf5CTcgMsZ5GB4TlAAfKYKJYOpWgwywwARUaiUVgjX78jxpHdes05p1c1KuX+ZxFNE+OkAVZKEzVEfXqIGaiKBH9Ixe0Zv2pL1o79rHtLWg5TO76A+0zx+CxZbf</latexit>

�(t) = f(
p
de�t)

Extension	to	more	general	cases:	analysis	of	time-dependent	correlation	matrix,	
and	large-time	perturbative	expansion	of	the	score	(“Landau	Theory”)	

<latexit sha1_base64="8K9yV5vE4XiY91VKy1DlVmvCe7Y=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYqqRCwIJUwcLAUAR9SE0UOY7TWnXsyHaQqqgDC7/CwgBCrHwEG3+D22aAliNd6eice+17T5gyqrTjfFtLyyura+uljfLm1vbOrr2331Yik5i0sGBCdkOkCKOctDTVjHRTSVASMtIJh1cTv/NApKKC3+tRSvwE9TmNKUbaSIFd0cHdhRdLhHN3nNfHHhN96N2YByIU2FWn5kwBF4lbkCoo0AzsLy8SOEsI15ghpXquk2o/R1JTzMi47GWKpAgPUZ/0DOUoIcrPp0eM4ZFRIhgLaYprOFV/T+QoUWqUhKYzQXqg5r2J+J/Xy3R87ueUp5kmHM8+ijMGtYCTRGBEJcGajQxBWFKzK8QDZBLRJreyCcGdP3mRtOs197Tm3p5UG5dFHCVQAYfgGLjgDDTANWiCFsDgETyDV/BmPVkv1rv1MWtdsoqZA/AH1ucPJxWXyA==</latexit>

tS =
1

2
log⇤

<latexit sha1_base64="mvr+es2qmoib4BfXcya5KBsFYrI=">AAAB73icbVC7SgNBFL0bXzG+opY2g0GwCrsiahm0sbCIYB6QLGF2dpIMmZ1dZ+4KYclP2FgoYuvv2Pk3TpItNPHAwOGcc5l7T5BIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesBxwv2IDpToC0bRSu3unY2GlPTKFbfqzkCWiZeTCuSo98pf3TBmacQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/N9p2QE6uEpB9r+xSSmfp7IqORMeMosMmI4tAselPxP6+TYv/Kz4RKUuSKzT/qp5JgTKbHk1BozlCOLaFMC7srYUOqKUNbUcmW4C2evEyaZ1Xvourdn1dq13kdRTiCYzgFDy6hBrdQhwYwkPAMr/DmPDovzrvzMY8WnHzmEP7A+fwBZaqPjQ==</latexit>

⇤ Largest	principal	component	of	the	correlation	matrix	of	the	data	

If	there	are	hierarchical	classes	then	several	transitions	
See	Schlocchi,	Favero,	Wyart	2024	

Bonnaire,	De	Bortoli,	GB,	Mézard	2024	

Regime	I	and	Speciation	Transition		

Weights	of	classes	are	bixed	in	regime	I,	“high-frequency”	details	later	



Three	Dynamical	Regimes	



Regime	II	&	III	and	Memorization

In	Regimes	I	and	II:

In	Regimes	III:	memorisation	and	collapse	on	the	training	set	

<latexit sha1_base64="H1MvEN8625EJ3kBVdbr/xX7o4cQ="></latexit>

Pt(~x) ' P true
t (~x) =

Z
d~a P0(~a)

1
p
2⇡�t

d
exp

✓
�1

2

(~x� ~ae�t)2

�t

◆

<latexit sha1_base64="dGz3E0DHMdTHByf+XjJe2nZI9r0=">AAACDHicbVDLSgMxFM34rPVVdekmWIS6KTMi6rLoxmUF+4C2lkx624ZmMmNyp1iGfoAbf8WNC0Xc+gHu/BvTh6CtBwIn55xLco8fSWHQdb+chcWl5ZXV1Fp6fWNzazuzs1s2Yaw5lHgoQ131mQEpFJRQoIRqpIEFvoSK37sc+ZU+aCNCdYODCBoB6yjRFpyhlZqZbLGJuXofOL0/qiu4o/Z+m6COYfgjp23Kzbtj0HniTUmWTFFsZj7rrZDHASjkkhlT89wIGwnTKLiEYboeG4gY77EO1CxVLADTSMbLDOmhVVq0HWp7FNKx+nsiYYExg8C3yYBh18x6I/E/rxZj+7yRCBXFCIpPHmrHkmJIR83QltDAUQ4sYVwL+1fKu0wzjra/UQne7MrzpHyc907z3vVJtnAxrSNF9skByRGPnJECuSJFUiKcPJAn8kJenUfn2Xlz3ifRBWc6s0f+wPn4Bt6emjs=</latexit>

Pt(~x) 6= P true
t (~x)

<latexit sha1_base64="8PwHMj5A0F8SW3umgwRL3Paqxxc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilDvZrPSmJ1y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+75ScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZs+TgdCcoZxYQpkW9lbCRlRThjaikg3BW355lbRqVe+y6t1fVOo3eRxFOIFTOAcPrqAOd9CAJjCQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QMYNo9a</latexit>

t2 ⌧ 1
<latexit sha1_base64="nXCgUsFwA9G7xkJAGKfsbkL6qNU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyIqMegF48RTAwkS5idzG6GzD6c6RXCkp/w4kERr/6ON//GSbIHTSxoKKq66e7yUyUNuu63U1pZXVvfKG9WtrZ3dveq+wdtk2SaixZPVKI7PjNCyVi0UKISnVQLFvlKPPijm6n/8CS0kUl8j+NUeBELYxlIztBKHezTXhgS2q/W3Lo7A1kmtCA1KNDsV796g4RnkYiRK2ZMl7opejnTKLkSk0ovMyJlfMRC0bU0ZpEwXj67d0JOrDIgQaJtxUhm6u+JnEXGjCPfdkYMh2bRm4r/ed0Mgysvl3GaoYj5fFGQKYIJmT5PBlILjmpsCeNa2lsJHzLNONqIKjYEuvjyMmmf1elFnd6d1xrXRRxlOIJjOAUKl9CAW2hCCzgoeIZXeHMenRfn3fmYt5acYuYQ/sD5/AEHbI9P</latexit>

t1 � 1 Memorization:	a	(Glass)	Transition	

<latexit sha1_base64="jPPNQS/XIfcm+32T7aeUxtn2rUU="></latexit>
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eff (~x)Analysis	of	the	high-d	distribution		

in	the	large	n	and	d	limit	at	bixed				
<latexit sha1_base64="/I/X/jtwslVYufgDU0z/9L72xW0=">AAAB+XicbVBNS8NAEJ34WetX1KOXYBHqpSYi6kUoevFYwX5AE8pms2mXbnbD7qZQQv+JFw+KePWfePPfuG1z0NYHA4/3ZpiZF6aMKu2639bK6tr6xmZpq7y9s7u3bx8ctpTIJCZNLJiQnRApwignTU01I51UEpSEjLTD4f3Ub4+IVFTwJz1OSZCgPqcxxUgbqWfbPmLpAN36TPSr/Ow86tkVt+bO4CwTryAVKNDo2V9+JHCWEK4xQ0p1PTfVQY6kppiRSdnPFEkRHqI+6RrKUUJUkM8unzinRomcWEhTXDsz9fdEjhKlxkloOhOkB2rRm4r/ed1MxzdBTnmaacLxfFGcMUcLZxqDE1FJsGZjQxCW1Nzq4AGSCGsTVtmE4C2+vExaFzXvquY9Xlbqd0UcJTiGE6iCB9dQhwdoQBMwjOAZXuHNyq0X6936mLeuWMXMEfyB9fkDbmWS4A==</latexit>

↵ = log(n)/d
Random	Energy	Model	(Spin-Glass	theory):	transition	from	a	regime	of	concentration	to	
the	average	(generalisation),	to	a	bluctuating	regime	correlated	to	the	data			

<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)

<latexit sha1_base64="qsUHUiIf7VJ1taEBI7YKbecAdkE=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhiEeAm7QdRj0IvHCOYBSVxmJ51kyOyDmd5gWHPwV7x4UMSrv+HNv3GS7EETCxqKqm66u7xICo22/W0tLa+srq1nNrKbW9s7u7m9/ZoOY8WhykMZqobHNEgRQBUFSmhECpjvSah7g+uJXx+C0iIM7nAUQdtnvUB0BWdoJDd3WHETdEvj+wRVDONCawicPpy6ubxdtKegi8RJSZ6kqLi5r1Yn5LEPAXLJtG46doTthCkUXMI424o1RIwPWA+ahgbMB91OpveP6YlROrQbKlMB0qn6eyJhvtYj3zOdPsO+nvcm4n9eM8buZTsRQRQjBHy2qBtLiiGdhEE7QgFHOTKEcSXMrZT3mWIcTWRZE4Iz//IiqZWKznnRuT3Ll6/SODLkiByTAnHIBSmTG1IhVcLJI3kmr+TNerJerHfrY9a6ZKUzB+QPrM8fl4WV0g==</latexit>

P true
t2 (~x)

<latexit sha1_base64="Sc7hEoJBYzFfN7aL8xWhypzZnHQ=">AAAB+HicbVBNT8JAEN3iF+IHVY9eNhITvJCWGPVI9OIREwETaJrtsoUN222zOyViwy/x4kFjvPpTvPlvXKAHBV8yyct7M5mZFySCa3Ccb6uwtr6xuVXcLu3s7u2X7YPDto5TRVmLxiJWDwHRTHDJWsBBsIdEMRIFgnWC0c3M74yZ0jyW9zBJmBeRgeQhpwSM5Nvlpp+BX59We2NG8eOZb1ecmjMHXiVuTiooR9O3v3r9mKYRk0AF0brrOgl4GVHAqWDTUi/VLCF0RAasa6gkEdNeNj98ik+N0sdhrExJwHP190RGIq0nUWA6IwJDvezNxP+8bgrhlZdxmaTAJF0sClOBIcazFHCfK0ZBTAwhVHFzK6ZDoggFk1XJhOAuv7xK2vWae1Fz784rjes8jiI6Rieoilx0iRroFjVRC1GUomf0it6sJ+vFerc+Fq0FK585Qn9gff4AsVySdg==</latexit>

Pt2(~x)

See	Hopbield	with	exp	patterns		
Lucibello	Mézard	2023



<latexit sha1_base64="9d7kB/b8rHIEga/FNGuEocka5Gk=">AAACF3icbVDLSgMxFM34rPVVdekmWIR2YZkRUTdC0Y3LivYBnTJk0rQNzUyG5E6xDP0LN/6KGxeKuNWdf2PazqK2HgicnHMv997jR4JrsO0fa2l5ZXVtPbOR3dza3tnN7e3XtIwVZVUqhVQNn2gmeMiqwEGwRqQYCXzB6n7/ZuzXB0xpLsMHGEasFZBuyDucEjCSlyvdF6B4deLyEHDbHTCKH3HFg8KUFl0hu7N/L5e3S/YEeJE4KcmjFBUv9+22JY0DFgIVROumY0fQSogCTgUbZd1Ys4jQPumypqEhCZhuJZO7RvjYKG3ckco8s99Ene1ISKD1MPBNZUCgp+e9sfif14yhc9lKeBjFwEI6HdSJBQaJxyHhNleMghgaQqjiZldMe0QRCibKrAnBmT95kdROS855ybk7y5ev0zgy6BAdoQJy0AUqo1tUQVVE0RN6QW/o3Xq2Xq0P63NaumSlPQfoD6yvX0tGnYY=</latexit>

S(t) = �
Z

d~xPt(~x) logPt(~x)

Volumes	in	high-dimensions	are	given	by	the	entropies	

<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)

<latexit sha1_base64="qsUHUiIf7VJ1taEBI7YKbecAdkE=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhiEeAm7QdRj0IvHCOYBSVxmJ51kyOyDmd5gWHPwV7x4UMSrv+HNv3GS7EETCxqKqm66u7xICo22/W0tLa+srq1nNrKbW9s7u7m9/ZoOY8WhykMZqobHNEgRQBUFSmhECpjvSah7g+uJXx+C0iIM7nAUQdtnvUB0BWdoJDd3WHETdEvj+wRVDONCawicPpy6ubxdtKegi8RJSZ6kqLi5r1Yn5LEPAXLJtG46doTthCkUXMI424o1RIwPWA+ahgbMB91OpveP6YlROrQbKlMB0qn6eyJhvtYj3zOdPsO+nvcm4n9eM8buZTsRQRQjBHy2qBtLiiGdhEE7QgFHOTKEcSXMrZT3mWIcTWRZE4Iz//IiqZWKznnRuT3Ll6/SODLkiByTAnHIBSmTG1IhVcLJI3kmr+TNerJerHfrY9a6ZKUzB+QPrM8fl4WV0g==</latexit>

P true
t2 (~x)

<latexit sha1_base64="Sc7hEoJBYzFfN7aL8xWhypzZnHQ=">AAAB+HicbVBNT8JAEN3iF+IHVY9eNhITvJCWGPVI9OIREwETaJrtsoUN222zOyViwy/x4kFjvPpTvPlvXKAHBV8yyct7M5mZFySCa3Ccb6uwtr6xuVXcLu3s7u2X7YPDto5TRVmLxiJWDwHRTHDJWsBBsIdEMRIFgnWC0c3M74yZ0jyW9zBJmBeRgeQhpwSM5Nvlpp+BX59We2NG8eOZb1ecmjMHXiVuTiooR9O3v3r9mKYRk0AF0brrOgl4GVHAqWDTUi/VLCF0RAasa6gkEdNeNj98ik+N0sdhrExJwHP190RGIq0nUWA6IwJDvezNxP+8bgrhlZdxmaTAJF0sClOBIcazFHCfK0ZBTAwhVHFzK6ZDoggFk1XJhOAuv7xK2vWae1Fz784rjes8jiI6Rieoilx0iRroFjVRC1GUomf0it6sJ+vFerc+Fq0FK585Qn9gff4AsVySdg==</latexit>

Pt2(~x)

<latexit sha1_base64="gjNK2sxEoau/5qin2vLjz281gDw=">AAACInicbZDLSgMxFIYz9VbrbdSlm2ARWtAyI+JlIRRd1GVFe4FOKZk0bUMzF5IzxTL0Wdz4Km5cKOpK8GFM21nY6g+Bj/+cQ8753VBwBZb1ZaQWFpeWV9KrmbX1jc0tc3unqoJIUlahgQhk3SWKCe6zCnAQrB5KRjxXsJrbvx7XawMmFQ/8exiGrOmRrs87nBLQVsu8uGvFJRIpNcpB/vLI4T7gtjNgFD/gUi6BQ8hjRwTdGadlZq2CNRH+C3YCWZSo3DI/nHZAI4/5QAVRqmFbITRjIoFTwUYZJ1IsJLRPuqyh0SceU814cuIIH2injTuB1E+vOHF/T8TEU2roubrTI9BT87Wx+V+tEUHnvBlzP4yA+XT6UScSGAI8zgu3uWQUxFADoZLrXTHtEUko6FQzOgR7/uS/UD0u2KcF+/YkW7xK4kijPbSPcshGZ6iIblAZVRBFj+gZvaI348l4Md6Nz2lrykhmdtGMjO8fo0WhNg==</latexit>

SGauss(t) = �
Z

d~xG(~x, t) logG(~x, t)

Transition:	volume	argument	&	direct	computation	for	simple	models	(eg	GMs)	

<latexit sha1_base64="0qXt/VMAWSlMwsjfwuuRU946Q48=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7QPboWTStA3NZIbkjlCG/oUbF4q49W/c+Tdm2llo64HA4Zx7ybkniKUw6LrfTmFldW19o7hZ2tre2d0r7x80TZRoxhsskpFuB9RwKRRvoEDJ27HmNAwkbwXjm8xvPXFtRKQecBJzP6RDJQaCUbTSYzekOGJUkvteueJW3RnIMvFyUoEc9V75q9uPWBJyhUxSYzqeG6OfUo2CST4tdRPDY8rGdMg7lioacuOns8RTcmKVPhlE2j6FZKb+3khpaMwkDOxkltAsepn4n9dJcHDlp0LFCXLF5h8NEkkwItn5pC80ZygnllCmhc1K2IhqytCWVLIleIsnL5PmWdW7qHp355XadV5HEY7gGE7Bg0uowS3UoQEMFDzDK7w5xnlx3p2P+WjByXcO4Q+czx8c3JCN</latexit>

S

<latexit sha1_base64="nUNa0BX2vyc3Af8z5tQR7NqHink=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6rLoxmVF+4A2hMn0ph06mYSZiVJiP8WNC0Xc+iXu/BsnbRbaemDgcM693DMnSDhT2nG+rdLK6tr6RnmzsrW9s7tnV/fbKk4lhRaNeSy7AVHAmYCWZppDN5FAooBDJxhf537nAaRisbjXkwS8iAwFCxkl2ki+Xe1HRI8o4fjOz7RMYerbNafuzICXiVuQGirQ9O2v/iCmaQRCU06U6rlOor2MSM0oh2mlnypICB2TIfQMFSQC5WWz6FN8bJQBDmNpntB4pv7eyEik1CQKzGQeVC16ufif10t1eOllTCSpBkHnh8KUYx3jvAc8YBKo5hNDCJXMZMV0RCSh2rRVMSW4i19eJu3Tunted2/Pao2roo4yOkRH6AS56AI10A1qohai6BE9o1f0Zj1ZL9a79TEfLVnFzgH6A+vzB2melBs=</latexit>

Strue
<latexit sha1_base64="ktjvWR7JMM2NJIS6/DNOeSGxNSo=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclURE3QhFNy4rtQ9oY5hMb9qhkwczE6GELNz4K25cKOLWj3Dn3zhps9DWAxcO59zLvfd4MWdSWda3sbS8srq2Xtoob25t7+yae/ttGSWCQotGPBJdj0jgLISWYopDNxZAAo9Dxxtf537nAYRkUXinJjE4ARmGzGeUKC25ZqXtpv2AqBElHDfdVIkEsuwS7tNm5ppVq2ZNgReJXZAqKtBwza/+IKJJAKGinEjZs61YOSkRilEOWbmfSIgJHZMh9DQNSQDSSadPZPhIKwPsR0JXqPBU/T2RkkDKSeDpzvxeOe/l4n9eL1H+hZOyME4UhHS2yE84VhHOE8EDJoAqPtGEUMH0rZiOiCBU6dzKOgR7/uVF0j6p2Wc1+/a0Wr8q4iihCjpEx8hG56iOblADtRBFj+gZvaI348l4Md6Nj1nrklHMHKA/MD5/ADaPmHc=</latexit>

VStrue = eS

<latexit sha1_base64="o82deCyol6hahs5SSvNT17p7Zh0=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVRIRdSMU3bisaB/QhjCZ3rRDJw9mJkIJ+QE3/oobF4q4de/Ov3HSZmFbD1w4nHMv997jxZxJZVk/RmlpeWV1rbxe2djc2t4xd/daMkoEhSaNeCQ6HpHAWQhNxRSHTiyABB6Htje6yf32IwjJovBBjWNwAjIImc8oUVpyzaOWm/YCooaUcHzvpkokkGVXM2rmmlWrZk2AF4ldkCoq0HDN714/okkAoaKcSNm1rVg5KRGKUQ5ZpZdIiAkdkQF0NQ1JANJJJ99k+FgrfexHQleo8ET9O5GSQMpx4OnO/EQ57+Xif143Uf6lk7IwThSEdLrITzhWEc6jwX0mgCo+1oRQwfStmA6JIFTpACs6BHv+5UXSOq3Z5zX77qxavy7iKKMDdIhOkI0uUB3dogZqIoqe0At6Q+/Gs/FqfBif09aSUczsoxkYX7/suZwZ</latexit>

VStrue = VSTransition	at		

Collapse	transition	at	
<latexit sha1_base64="TYGfEGDMarUqXkPM2zutOTXP1Vo="></latexit>

f(t) =
1

d
(log(n) + SGauss(t)� S(t)) = 0

<latexit sha1_base64="gf35YGFRbnJSL8yXNDeH1z4Mlq4=">AAACBnicbVBNS8NAEN3Ur1q/qh5FWCyCp5KIqBeh6EGPldoPaGPYbKft0s0m7G6EEnLy4l/x4kERr/4Gb/4bt20O2vpg4PHeDDPz/IgzpW3728otLC4tr+RXC2vrG5tbxe2dhgpjSaFOQx7Klk8UcCagrpnm0IokkMDn0PSHV2O/+QBSsVDc6VEEbkD6gvUYJdpIXnG/4SWdgOgBJRzX0gsB90nNS65JrFSaesWSXbYnwPPEyUgJZah6xa9ON6RxAEJTTpRqO3ak3YRIzSiHtNCJFUSEDkkf2oYKEoByk8kbKT40Shf3QmlKaDxRf08kJFBqFPimc3yxmvXG4n9eO9a9czdhIoo1CDpd1Is51iEeZ4K7TALVfGQIoZKZWzEdEEmoNskVTAjO7MvzpHFcdk7Lzu1JqXKZxZFHe+gAHSEHnaEKukFVVEcUPaJn9IrerCfrxXq3PqatOSub2UV/YH3+AJ9pmTw=</latexit>

VS = neSGauss

Regime	II	&	III	and	Memorization



<latexit sha1_base64="9d7kB/b8rHIEga/FNGuEocka5Gk=">AAACF3icbVDLSgMxFM34rPVVdekmWIR2YZkRUTdC0Y3LivYBnTJk0rQNzUyG5E6xDP0LN/6KGxeKuNWdf2PazqK2HgicnHMv997jR4JrsO0fa2l5ZXVtPbOR3dza3tnN7e3XtIwVZVUqhVQNn2gmeMiqwEGwRqQYCXzB6n7/ZuzXB0xpLsMHGEasFZBuyDucEjCSlyvdF6B4deLyEHDbHTCKH3HFg8KUFl0hu7N/L5e3S/YEeJE4KcmjFBUv9+22JY0DFgIVROumY0fQSogCTgUbZd1Ys4jQPumypqEhCZhuJZO7RvjYKG3ckco8s99Ene1ISKD1MPBNZUCgp+e9sfif14yhc9lKeBjFwEI6HdSJBQaJxyHhNleMghgaQqjiZldMe0QRCibKrAnBmT95kdROS855ybk7y5ev0zgy6BAdoQJy0AUqo1tUQVVE0RN6QW/o3Xq2Xq0P63NaumSlPQfoD6yvX0tGnYY=</latexit>

S(t) = �
Z

d~xPt(~x) logPt(~x) Entropy	at	time	t
<latexit sha1_base64="gjNK2sxEoau/5qin2vLjz281gDw=">AAACInicbZDLSgMxFIYz9VbrbdSlm2ARWtAyI+JlIRRd1GVFe4FOKZk0bUMzF5IzxTL0Wdz4Km5cKOpK8GFM21nY6g+Bj/+cQ8753VBwBZb1ZaQWFpeWV9KrmbX1jc0tc3unqoJIUlahgQhk3SWKCe6zCnAQrB5KRjxXsJrbvx7XawMmFQ/8exiGrOmRrs87nBLQVsu8uGvFJRIpNcpB/vLI4T7gtjNgFD/gUi6BQ8hjRwTdGadlZq2CNRH+C3YCWZSo3DI/nHZAI4/5QAVRqmFbITRjIoFTwUYZJ1IsJLRPuqyh0SceU814cuIIH2injTuB1E+vOHF/T8TEU2roubrTI9BT87Wx+V+tEUHnvBlzP4yA+XT6UScSGAI8zgu3uWQUxFADoZLrXTHtEUko6FQzOgR7/uS/UD0u2KcF+/YkW7xK4kijPbSPcshGZ6iIblAZVRBFj+gZvaI348l4Md6Nz2lrykhmdtGMjO8fo0WhNg==</latexit>

SGauss(t) = �
Z

d~xG(~x, t) logG(~x, t)

Gaussian	mixture	model:		
Theory	vs	numerics	

Collapse	transition	at	
<latexit sha1_base64="TYGfEGDMarUqXkPM2zutOTXP1Vo="></latexit>

f(t) =
1

d
(log(n) + SGauss(t)� S(t)) = 0

<latexit sha1_base64="2iObpTwpTewWr/tq51LS8kKIWCo="></latexit>

tC =
1

2
log

✓
1 +

�2

n2/d � 1

◆

<latexit sha1_base64="/S1JKakB+fTrDcnEMyTPfJotQGg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqBeh6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8d3Mbz9xbUSsHnGScD+iQyVCwShaqa1uaq5Fv1xxq+4cZJV4OalAjka//NUbxCyNuEImqTFdz03Qz6hGwSSflnqp4QllYzrkXUsVjbjxs/m5U3JmlQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVMMr/1MqCRFrthiUZhKgjGZ/U4GQnOGcmIJZVrYWwkbUU0Z2oRKNgRv+eVV0qpVvcuq93BRqd/mcRThBE7hHDy4gjrcQwOawGAMz/AKb07ivDjvzseiteDkM8fwB87nD4eVjmM=</latexit>

n = 20000

Without	regularisation	DMs		
are	cursed	->	memorisation	

Regime	II	&	III	and	Memorization



Three	Dynamical	Regimes	



Application	to	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		

<latexit sha1_base64="1WfxVtRdY6N+JXcKufW7Yw6LcEg=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzU8tzH7Lw66ZXKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdK8qHiXFe++Wq7d5HEU4BhO4Aw8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx9B8I7e</latexit>

10�4



Probability	2	clones		
in	the	same	class	

Speciation	Transition	in	Real	Images		

<latexit sha1_base64="8K9yV5vE4XiY91VKy1DlVmvCe7Y=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYqqRCwIJUwcLAUAR9SE0UOY7TWnXsyHaQqqgDC7/CwgBCrHwEG3+D22aAliNd6eice+17T5gyqrTjfFtLyyura+uljfLm1vbOrr2331Yik5i0sGBCdkOkCKOctDTVjHRTSVASMtIJh1cTv/NApKKC3+tRSvwE9TmNKUbaSIFd0cHdhRdLhHN3nNfHHhN96N2YByIU2FWn5kwBF4lbkCoo0AzsLy8SOEsI15ghpXquk2o/R1JTzMi47GWKpAgPUZ/0DOUoIcrPp0eM4ZFRIhgLaYprOFV/T+QoUWqUhKYzQXqg5r2J+J/Xy3R87ueUp5kmHM8+ijMGtYCTRGBEJcGajQxBWFKzK8QDZBLRJreyCcGdP3mRtOs197Tm3p5UG5dFHCVQAYfgGLjgDDTANWiCFsDgETyDV/BmPVkv1rv1MWtdsoqZA/AH1ucPJxWXyA==</latexit>

tS =
1

2
log⇤

Conbirm	the	speciation	phenomenon	&		good	estimation	of	the	speciation	time	

Behjoo	et	al	2023	
Schlocchi	et	al	2024

Also	observed	numerically	in	U-turns	experiments	



Collapse	Transition	in	Real	Images		

Estimate	of	the	average	collapse	time	

to	be	compared	

to	the	theoretical	prediction



Theory:	collapse	transition	at	

Conbirm	the	collapse	phenomenon	

Good	estimation	of	the	collapse	time	

Collapse	Transition	in	Real	Images		

Estimate	of	the	average	collapse	time	
celebA64		
n=200	
d=12288

Estimate	of	the	average	collapse	time	
Imagenet	32	
n=200	
d=3072
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Conclusion

Three	dynamical	regimes:	theory,	criteria	&	numerical	
conbirmation		

• Regime	I:	where	trajectories	commit	(weights	of	classes		
			are	generated)			

• Regime	III:	where	memorisation	takes	place	-	general	
numerical	criterion	for	collapse	based	on	entropy			

• Not	having	an	accurate	score	has	different	consequences	in	
different	time	regimes:	bad	in	regime	I,	but	could	be	good	in	III	

Perspectives	&	ongoing	works:	

• 	Guidelines	for	applications:	time-dependent	regularisation,	
guidance	(theory	of	classibier	free	guidance),…	

• Theory:	regularisation,	models	of	score,	structure	of	data	and	
memorisation/generalisation.					

GB,	Mézard	JSTAT	2023;	GB,	Bonnaire,	De	Bortoli,	Mézard	ArXiv	2402.18491	to	appear	in	Nature	Commun.;		
GB,	Mézard	ArXiv	2408.05807	(relation	with	kernel	density	estimation)	


