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In this talk I am going to discuss the memory burden effect  
         
                (G.D.,  1810.02336 [hep-th],  G.D., Eisemann, Michel, Zell,  2006.00011 [hep-th], ....) 

  and  
  
   its swift manifestation (G.D., 2509.22540 [hep-th])  in black hole mergers.

 The information carries by a black hole affects its dynamics macroscopically: 
in general it back reacts to any change of the ground state.  In particular:

1)  It tends to stabilize the black hole against Hawking decay;

 2) (More strikingly) the information load of  merging black holes affects their classical 
dynamics, including spectroscopy and gravitational radiation.  

(See talks also talks by:  Sebastian Zell  and Manuel Ettengruber)

https://arxiv.org/abs/1810.02336
https://arxiv.org/abs/2006.00011
https://arxiv.org/abs/2509.22540
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Black holes are the  most compact objects of nature 
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MP ⌘ Planck Mass

Gravitational radius: the radius of the horizon
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Black holes have a hidden quantum label: a given classical black hole  
in reality can be realised in exponentially large number, n, of  
quantum states of identical classical characteristics.

This is quantified by the Bekenstein-Hawking  microstate entropy,  
 which scales as the area of a black hole. 

<latexit sha1_base64="7MnwenSYVqWqLklRiJWqj5ht04k=">AAACDnicbVDLSgMxFL3js9ZX1aWbYCnUTZkRXxuh6MZlRfuAdiiZNNOGZjJDkhFK6Re48VfcuFDErWt3/o2Z6QjaeiCXwzn3cnOPF3GmtG1/WQuLS8srq7m1/PrG5tZ2YWe3ocJYElonIQ9ly8OKciZoXTPNaSuSFAcep01veJX4zXsqFQvFnR5F1A1wXzCfEayN1C2UUIb8T8mbcovQBepwURaHqdwtFO2KnQLNEycjRchQ6xY+O72QxAEVmnCsVNuxI+2OsdSMcDrJd2JFI0yGuE/bhgocUOWO03MmqGSUHvJDaZ7QKFV/T4xxoNQo8ExngPVAzXqJ+J/XjrV/7o6ZiGJNBZku8mOOdIiSbFCPSUo0HxmCiWTmr4gMsMREmwSTEJzZk+dJ46jinFZObo6L1cssjhzswwGUwYEzqMI11KAOBB7gCV7g1Xq0nq03633aumBlM3vwB9bHN+bYk94=</latexit>

S = ln(n)
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For example, for a black hole of the earth mass,   
<latexit sha1_base64="ugI/lnHeJgOfLzISWOo5XU0v4l4=">AAACDXicbVC7TsMwFHXKq4RXgJHFoiAxVQniNVawMBZEH1IbRY7rtFZtJ7IdpCrqD7DwKywMIMTKzsbf4LRBgpYj+eronHt1fU+YMKq0635ZpYXFpeWV8qq9tr6xueVs7zRVnEpMGjhmsWyHSBFGBWloqhlpJ5IgHjLSCodXud+6J1LRWNzpUUJ8jvqCRhQjbaTAOYAF7J9im3Ib9GFXUQ4xz5XAqbhVdwI4T7yCVECBeuB8dnsxTjkRGjOkVMdzE+1nSGqKGRnb3VSRBOEh6pOOoQJxovxscs0YHhqlB6NYmic0nKi/JzLElRrx0HRypAdq1svF/7xOqqMLP6MiSTUReLooShnUMcyjgT0qCdZsZAjCkpq/QjxAEmFtAsxD8GZPnifN46p3Vj29OanULos4ymAP7IMj4IFzUAPXoA4aAIMH8ARewKv1aD1bb9b7tLVkFTO74A+sj2/z/JSc</latexit>

Rg ⇠ cm
<latexit sha1_base64="N8PUbCrT/LVV5MBkoOlrOOnof2k=">AAACDnicbVC7TsMwFHXKq4RXgJHFoqrEVCUICmMFC2MR9CG1oXJcp7VqO5HtIFVRv4CFX2FhACFWZjb+BqcNErQcyVdH59yr63uCmFGlXffLKiwtr6yuFdftjc2t7R1nd6+pokRi0sARi2Q7QIowKkhDU81IO5YE8YCRVjC6zPzWPZGKRuJWj2PiczQQNKQYaSP1nDLMYf8UOys3sKsoh557l1arE9hzSm7FnQIuEi8nJZCj3nM+u/0IJ5wIjRlSquO5sfZTJDXFjEzsbqJIjPAIDUjHUIE4UX46PWcCy0bpwzCS5gkNp+rviRRxpcY8MJ0c6aGa9zLxP6+T6PDcT6mIE00Eni0KEwZ1BLNsYJ9KgjUbG4KwpOavEA+RRFibBG0Tgjd/8iJpHle8auX0+qRUu8jjKIIDcAiOgAfOQA1cgTpoAAwewBN4Aa/Wo/VsvVnvs9aClc/sgz+wPr4Bsp6VCg==</latexit>

S ⇠ 1066
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n = eS ⇠ e10
66

the entropy is,

Thus, the number of black hole quantum  microstates is:

This leads to  an extraordinarily high capacity of information storage
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Black hole ``mysteries":

Areal-law entropy of Bekenstein-Hawking:

Semi-classical information horizon.

Evaporate thermally, via Hawking temperature:  

Information-retrieval time, Page time: 

Areal-law entropy of Bekenstein-Hawking:



  
 In formation is coming out extremely late.  

WHY?
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<latexit sha1_base64="UEMnYvsTeeLDHX7TXbv7QWyHaRc="></latexit>
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  That is, after emitting the energy  
<latexit sha1_base64="g700NDGRJS7LDDuUgxOMoEfjpSo=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbRi2FG3C5CUA9eAhHMAskQejqdpElPz9DdI8Qh+CtePCji1f/w5t/YSeagiQ8KHu9VUVXPjzhT2nG+rczc/MLiUnY5t7K6tr5hb25VVRhLQisk5KGs+1hRzgStaKY5rUeS4sDntOb3r0d+7YFKxUJxrwcR9QLcFazDCNZGatk7yKB5Q7nGqIQuUekIlQ5adt4pOGOgWeKmJA8pyi37q9kOSRxQoQnHSjVcJ9JegqVmhNNhrhkrGmHSx13aMFTggCovGV8/RPtGaaNOKE0Jjcbq74kEB0oNAt90Blj31LQ3Ev/zGrHuXHgJE1GsqSCTRZ2YIx2iURSozSQlmg8MwUQycysiPSwx0SawnAnBnX55llSPC+5Z4fTuJF+8SuPIwi7swSG4cA5FuIUyVIDAIzzDK7xZT9aL9W59TFozVjqzDX9gff4AyEqSOw==</latexit>
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 this is impossible  (G.D., '15)  because the above relations would imply 
<latexit sha1_base64="4LIEci9uAab8FZ+c6Sh1+Qd2QbQ=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJWYqqTitSBVsDAW0ZfUlspxndaq40T2DVIV5QtY+BUWBhBiZWbjb3DbDNBypCsdnXOvfe/xIsE1OM63tbS8srq2ntvIb25t7+zae/sNHcaKsjoNRahaHtFMcMnqwEGwVqQYCTzBmt7oeuI3H5jSPJQ1GEesG5CB5D6nBIzUs4sY446vCE06/RCSWpomtftyii8z1U2TuxT37IJTcqbAi8TNSAFlqPbsL/McjQMmgQqiddt1IugmRAGngqX5TqxZROiIDFjbUEkCprvJ9JwUF43Sx36oTEnAU/X3REICrceBZzoDAkM9703E/7x2DP5FN+EyioFJOvvIjwWGEE+ywX2uGAUxNoRQxc2umA6JiQFMgnkTgjt/8iJplEvuWen09qRQucriyKFDdISOkYvOUQXdoCqqI4oe0TN6RW/Wk/VivVsfs9YlK5s5QH9gff4AtpubSw==</latexit>

Ṫ

T 2
=

1

S

 which indicates a necessary departure from thermality (and thus semi-classicality).

the black hole becomes a smaller black hole with identical relations between  mass, 
the radius, the temperature  and the entropy:

In standard treatment (of extrapolation of Hawking's picture to finite mass black holes)   the black 
hole evaporation  is self-similar: 

 Notice that the above corrections are  huge because the naive half-life of a black hole  scales as: 

<latexit sha1_base64="XrJ6r8/yj42sLtZekzKUPPFQlr4=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJAVUJ4rUgVbAwlkcfUhNVjuu0Vm0nsh2kKurIwq+wMIAQK5/Axt/gtBmg5Ui+OjrnXl3fE8SMKu0431Zhbn5hcam4XFpZXVvfsDe3GipKJCZ1HLFItgKkCKOC1DXVjLRiSRAPGGkGg6vMbz4QqWgk7vUwJj5HPUFDipE2UsfehVB3Uk9y2EcsHEHoHcKLrNxlBd527LJTccaAs8TNSRnkqHXsL68b4YQToTFDSrVdJ9Z+iqSmmJFRyUsUiREeoB5pGyoQJ8pPx4eM4L5RujCMpHlCw7H6eyJFXKkhD0wnR7qvpr1M/M9rJzo891Mq4kQTgSeLwoRBHcEsFdilkmDNhoYgLKn5K8R9JBHWJruSCcGdPnmWNI4q7mnl5Oa4XL3M4yiCHbAHDoALzkAVXIMaqAMMHsEzeAVv1pP1Yr1bH5PWgpXPbIM/sD5/AGwelmY=</latexit>
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  Here is another  killer argument (G.D. '15, '18,  Alexandre, G.D., Koutsangelas '24):

 If evaporation is self-similar, then after loosing reducing the mass by half, the entropy  
   would decrease by a factor four

There is no way to accommodate the same amount of information!
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 Thus, the black  hole evaporation cannot self-simiolar  and back-reaction must be taken 
into account. However, this requires knowledge of the microscopic mechanism.

There are two ways:  

 1)  Develop a microscopic theory that can account  for back reaction: black hole N-portrait  
(G.D., Gomez, '11):  a black hole as coherent state of gravitons.  

In this talk, I will focus on the second program: 

2) Universality of the phenomenon.
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For some time, in series of papers, 

(G.D., '17,'18',  G.D.;  Eisemann, Michel, Zell ' 18;  G.D., '19, '20, G.D., Sakhelashvili, '21;  
   G.D., Kaikov, Valbuena-Bermudez, '21,  G.D., Vanugopalan '21,  G.D., Valbuena-Bermudez, 
Zantedeschi, '23;  Alexandre, G.D., Koutsangelas, '24;   G.D., Zantedeschi, Zell, '25; .....)

 we have developed a specific approach to  the subject,  which we will now describe. 

  A scientific method for understanding a mysterious phenomenon exhibited by a particular system is to ask 
whether the same phenomenon repeats itself  in other systems. 

On one hand it allows to study the effect in the systems  that are more calculable, on the other hand it 
makes possible  to predict new effects. 

This is what happened in the case of the memory burden effect (G.D.'18) 

 If this is the case, then there is  a strong indication that the underlying microscopic  mechanism is universal.  
     Universality, endows physicists  with a  great power: 



12

How special are black holes? 

This question could have been asked 50 years ago, but it wasn't.

Perhaps, because the answer was thought to be obvious. For example, a black  hole and  
an apple  obviously look very different. 

However, this is a meaningless comparison:  In order to compare objects,  
we must first bring them within  the same universality class. 



13

   The big idea was to understand how unique are the above mysterious properties  to  a black hole and gravity.

That is, the key question is: 

How unique are black holes? 

 This question determined our the strategy which consists of the following steps. 

       1) Carefully define the universality class of objects  of  high efficiency of information storage; 
       
       2) Construct calculable prototypes;  
       
       3) Check if and under what circumstances do  they exhibit  black hole type features;  
       
       4) Identify the underlying microscopic mechanisms; 
        
       5)  Discover new associated phenomena; 
                
       6) Go back to black  holes and apply the gained  knowledge.    
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One outcome  of this strategy is the black hole memory burden effect: 

G.D.,  1810.02336 [hep-th]

https://arxiv.org/abs/1810.02336
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       Carefully Defining the universality class  of objects of:  
                       High Efficiency of  Information (Memory)   Storage.

Gapless memory modes (Goldstones) live only inside 

The modes outside are highly gapped or non-
existent   Due to this, information stored in 
memotry modes cannot escape for a long time.  

Inside the object, the information is stored in the excitations of gapless modes,  
so-called ``memory modes" .   Asymptotic modes are highly gapped. Due to this, 
information is maintained internally. 

                        (G.D, ''17, 18; G.D., Michel, Zell, '20; ...) 
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M

A black hole creates a local environment that lowers the 
energy cost of different information patterns to zero

Scale of energy cost of the same 
information pattern in vacuum

fully loaded pattern

empty pattern
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<latexit sha1_base64="HBo6SVGCo7lw0tvV808a/ygHJhE=">AAACDHicbVDLSsNAFJ3UV62vqks3F4vgqiTiayMURXBTqGAf0IQwmU7aoZNJmJkIJeQD3Pgrblwo4tYPcOffOH0stHpg4HDOudy5J0g4U9q2v6zCwuLS8kpxtbS2vrG5Vd7eaak4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GF6N/fY9lYrF4k6PEupFuC9YyAjWRvLLFSiBwbWfwAVAHdxQYpLV86zuN3IAt9+HuknZVXsC+EucGamgGRp++dPtxSSNqNCEY6W6jp1oL8NSM8JpXnJTRRNMhrhPu4YKHFHlZZNjcjgwSg/CWJonNEzUnxMZjpQaRYFJRlgP1Lw3Fv/zuqkOz72MiSTVVJDpojDloGMYNwM9JinRfGQIJpKZvwIZYFOHNv2VTAnO/Ml/Seuo6pxWT26PK7XLWR1FtIf20SFy0BmqoRvUQE1E0AN6Qi/o1Xq0nq03630aLVizmV30C9bHNwpRl+M=</latexit>

Ep = M
M

MP
� M

A black hole of mass M, stores 
information patters at zero 
energy cost. The same information  outside of the black hole 

costs gigantic energy:

For example, for a solar mass black hole this energy would exceed the entire mass of the 
Universe by many orders of magnitude.  

It would be very naive to think that this tradeoff is not affecting the black hole perturbations.

<latexit sha1_base64="yrcev6J/oGMDZ1L247J0nZcEqh4=">AAACF3icbZDLSgMxFIYz9VbrbdSlm2ARXA0zWrUboSiCG6GCvUBbh0yaaUOTzJBkhDL0Ldz4Km5cKOJWd76NaTsLbf0h8PGfc5KcP4gZVdp1v63cwuLS8kp+tbC2vrG5ZW/v1FWUSExqOGKRbAZIEUYFqWmqGWnGkiAeMNIIBpfjeuOBSEUjcaeHMelw1BM0pBhpY/m2Awvwyq/Cc+i59+lxeQRvMvZKhv20LTlMBB3fQUbQt4uu404E58HLoAgyVX37q92NcMKJ0JghpVqeG+tOiqSmmJFRoZ0oEiM8QD3SMigQJ6qTTvYawQPjdGEYSXOEhhP390SKuFJDHphOjnRfzdbG5n+1VqLDcielIk40EXj6UJgwqCM4Dgl2qSRYs6EBhCU1f4W4jyTC2sRQMCF4syvPQ/3I8U6dk9tSsXKRxZEHe2AfHAIPnIEKuAZVUAMYPIJn8ArerCfrxXq3PqatOSub2QV/ZH3+AM5BnBQ=</latexit>

EP = 1038M = 1014Muniverse
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<latexit sha1_base64="TrN295tdxEMYOcIJ1BHFjhrjWGU=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KKERHwti25cVrAPaEOZTG/aoZNJmJkIJXbjr7hxoYhbP8Odf+O0zUJbD1w4nHMv994TJJwp7brfVmFpeWV1rbhe2tjc2t6xd/caKk4lhTqNeSxbAVHAmYC6ZppDK5FAooBDMxjeTPzmA0jFYnGvRwn4EekLFjJKtJG69gEuYfyI3YpbcRyn4uKOJKLPoWuXXcedAi8SLydllKPWtb86vZimEQhNOVGq7bmJ9jMiNaMcxqVOqiAhdEj60DZUkAiUn00fGONjo/RwGEtTQuOp+nsiI5FSoygwnRHRAzXvTcT/vHaqwys/YyJJNQg6WxSmHOsYT9LAPSaBaj4yhFDJzK2YDogkVJvMSiYEb/7lRdI4dbwL5/zurFy9zuMookN0hE6Qhy5RFd2iGqojisboGb2iN+vJerHerY9Za8HKZ/bRH1ifP4ZCkzQ=</latexit>

|0, 0, ..., 0i
<latexit sha1_base64="83ZFnc0AXvs0gJ2hd7oSMiFj184=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KKERHwti25cVrAPaEOZTG/aoZNJmJkIJXbjr7hxoYhbP8Odf+O0zUJbD1w4nHMv994TJJwp7brfVmFpeWV1rbhe2tjc2t6xd/caKk4lhTqNeSxbAVHAmYC6ZppDK5FAooBDMxjeTPzmA0jFYnGvRwn4EekLFjJKtJG69gEuYfyIvYpXcRyn4uGOJKLPoWuXXcedAi8SLydllKPWtb86vZimEQhNOVGq7bmJ9jMiNaMcxqVOqiAhdEj60DZUkAiUn00fGONjo/RwGEtTQuOp+nsiI5FSoygwnRHRAzXvTcT/vHaqwys/YyJJNQg6WxSmHOsYT9LAPSaBaj4yhFDJzK2YDogkVJvMSiYEb/7lRdI4dbwL5/zurFy9zuMookN0hE6Qhy5RFd2iGqojisboGb2iN+vJerHerY9Za8HKZ/bRH1ifP4r0kzc=</latexit>

|1, 1, ..., 1i

In the black hole ground state, the black holes with very different information loads 
weight the same 

However, they respond very differently to perturbations.
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The information load influences the dynamics of a perturbed black hole.
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``Memory" modes store information: 
<latexit sha1_base64="5q3B092WU9CkGV3lNQxiTB4ZN/0="></latexit>

[âi, â
†
j ] = �ij , [âi, âj ] = 0 .

Information is stored in memory pattern:  

<latexit sha1_base64="6K9OiaWIYm6XxjyHm8vEW5GTVn0="></latexit>

|pi = |n1, n2, ...i, nj ⌘ occupation numbers

In ordinary systems: 
<latexit sha1_base64="Kep6E2Ln76yPANJx03nM/NNi7Tk="></latexit>

Ĥfree =
X

j

mj n̂j

this is very costly in energy:
<latexit sha1_base64="ILQkwgDnNdnwoOH1AJJH1/GXUQc=">AAACSHicbVBLSwMxGMzWV11fVY9egkXwIGVXfF2EoggeK9gHdMuSTdM2bZJdkqxQlv15Xjx68zd48aCIN9N2Rds6kDDMzMeXTBAxqrTjvFi5hcWl5ZX8qr22vrG5VdjeqakwlphUcchC2QiQIowKUtVUM9KIJEE8YKQeDK5Hfv2BSEVDca+HEWlx1BW0QzHSRvILPsxg/1y2feMnnPAUwkvoqZj7ST+F3O97R1D4/d/gPOwpxzbU9gtFp+SMAeeJm5EiyFDxC89eO8QxJ0JjhpRquk6kWwmSmmJGUtuLFYkQHqAuaRoqECeqlYyLSOGBUdqwE0pzhIZj9e9EgrhSQx6YJEe6p2a9kfif14x156KVUBHFmgg8WdSJGdQhHLUK21QSrNnQEIQlNW+FuIckwtp0PyrBnf3yPKkdl9yz0undSbF8ldWRB3tgHxwCF5yDMrgFFVAFGDyCV/AOPqwn6836tL4m0ZyVzeyCKeRy32KjoNk=</latexit>

Emem =
X

j

mj nj
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However, systems of high memory capacity lower the information-cost via ``assisted gaplessness":

There exists a soft ``master"  mode which, when critically occupied,  renders the memory mode gapless.   

For
<latexit sha1_base64="QYZjB/BEAyM6yN0wwRRzkGHy1AA=">AAACPnicbZDNS8MwGMZTP2f9qnr0EhyCp9GKXxdh6MWTTLDbYCslzdItLE1Lkgqj7C/z4t/gzaMXD4p49Wi6deI2H0j48TzvS/K+QcKoVLb9YiwsLi2vrJbWzPWNza1ta2e3LuNUYOLimMWiGSBJGOXEVVQx0kwEQVHASCPoX+d544EISWN+rwYJ8SLU5TSkGClt+ZYLC5mTyzS5n7WTHh3CS3g7wd94XuZUYmo0fatsV+yR4Dw4BZRBoZpvPbc7MU4jwhVmSMqWYyfKy5BQFDMyNNupJAnCfdQlLY0cRUR62Wj8ITzUTgeGsdCHKzhy/3ZkKJJyEAW6MkKqJ2ez3Pwva6UqvPAyypNUEY7HD4UpgyqG+S5hhwqCFRtoQFhQ/VeIe0ggrPTG8yU4syPPQ/244pxVTu9OytWrYh0lsA8OwBFwwDmoghtQAy7A4BG8gnfwYTwZb8an8TUuXTCKnj0wJeP7B3HFnnY=</latexit>

n� = N� the energy cost of the memory pattern is much less than the cost in vacuum: 

<latexit sha1_base64="bg/xYm+rZUT67+hEmx6W3bTVgQ0=">AAACSHicbVBNS8MwGE7r16xfVY9egkPwNFrx6yIMRfAkE9wHbKWkWboFk7YkqTDKfp4Xj978DV48KOLNdOvEbT6Ql4fned83yRMkjErlOK+GubC4tLxSWrXW1jc2t+ztnYaMU4FJHccsFq0AScJoROqKKkZaiSCIB4w0g4er3G8+EiFpHN2rQUI8jnoRDSlGSku+7cMC1qRYulz7GSd8CC8g97NO0qdDeDshv43zsKacfJHl22Wn4owA54lbkDIoUPPtl043xiknkcIMSdl2nUR5GRKKYkaGVieVJEH4AfVIW9MIcSK9bBTEEB5opQvDWOgTKThS/05kiEs54IHu5Ej15ayXi/957VSF515GoyRVJMLji8KUQRXDPFXYpYJgxQaaICyofivEfSQQVjr7PAR39svzpHFUcU8rJ3fH5eplEUcJ7IF9cAhccAaq4AbUQB1g8ATewAf4NJ6Nd+PL+B63mkYxswumYJo/wIahFQ==</latexit>

Emem = m�N�

This resists to the decrease of the master mode, stabilizing the system in the state of maximal memory 
storage.

This is the essence of the memory burden effect    
                                         (G.D., '18; G.D., Eisemann, Michel, Zell, '18; '20) 

<latexit sha1_base64="L9KhuWYMECVfE/uoLUJ50ZJYVBA="></latexit>

Ĥ = m�n̂� +

✓
1 !

n̂�

N�

◆p X

j

mj n̂j .



Inside the room information is written in flies, outside -  in elephants.   

State (0,  ,   , 0,0,   , ... )  is much less costly  in energy than 

 (0,       ,      ,0,0,        , ... )

AND,  NO-FLY ZONE  OUTSIDE!
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 The  memory burden  is expected to be activated  under arbitrary perturbations that 
touches the memory space of a black hole and it  shall influence the black holes 
classical dynamics. 

In particular, swift memory burden t is expected to affect black hole spectroscopy in 
mergers and imprints in gravitational waves,



Information Horizon is Automatic Consequence of  Efficiency of Information Storage. 

25

Example from G.D., Kaikov, Valbuena-Bermudez, '21
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Information Horizon is Automatic Consequence of  Efficiency of Information Storage. 

Example from G.D., Kaikov, Valbuena-Bermudez, '21
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Information Horizon is Automatic Consequence of  Efficiency of Information Storage. 

Example from G.D., Kaikov, Valbuena-Bermudez, '21
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 If we let the system to decay, the following two things happen (G.D., '18, G.D., Eisemann, Michell, Zell '18, 
20, G.D., Kaikov, Valbuena-Bermudez, G.D, Valbuena-Bermudez, Zantedeschi '21, G.D.,  
Zantedeschi, Zell, '25):  

At initial stages of the object's decay, the information load  is maintained internally. That is,  
 the information pattern cannot be off-loaded  due to a large difference in the energy gaps inside and 
outside of the system. This creates an energy barrier that blocks the release of information.  

Consequently,  after a certain critical time,  called the memory burden time,  the back-reaction from 
the information load carried by the system goes against the decay process.    

 The analysis of prototype modes indicates tendency of stabilization. 



memor y. B ! Q = Qs/2

same with winding

G.D., J.S., Valbuena-Bermudez, M. Zantedeschi



memor y. B ! Q = Qs/2

same with winding

G.D., J.S., Valbuena-Bermudez, M. Zantedeschi



memor y. B ! Q = Qs/2

same with winding

G.D., J.S., Valbuena-Bermudez, M. Zantedeschi
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Thus, the internal retainment of information is not specific to black holes.  

Rather, it represents an universal feature of all systems of high efficiency of information 
storage. 

Moreover, the information back-reacts and stabilizes the system. This is the essence of 
the memory burden effect. 



Inside the room information is written in flies, outside -  in elephants.   

State (0,  ,   , 0,0,   , ... )  is much less costly  in energy than 

 (0,       ,      ,0,0,        , ... )

AND,  NO-FLY ZONE  OUTSIDE!
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  The time-scale of memory burden depends on the gap function of the memory modes 
 (G.D., '18, G.D., Eisemann, Michell, Zell '18, 20, G.D, Valbuena-Bermudez, Zantedeschi '21, G.D.,  
Zantedeschi, Zell, '25: ) 

Applied to black hole parameters, the  memory burden  is full when a black hole looses the following 
critical fraction of its mass: 

<latexit sha1_base64="By8X3ElDB81FQ5S0EQFpwE0SCfI="></latexit>

! M crit

M
= ( p2S)! 1

2( p ! 1)

For p=2, we have <latexit sha1_base64="HTeiE6qfj9SNc4sdJk0Kn2DKt2s=">AAACIHicbZBLSwMxFIUz9VXrq+rSTbAIrsqMqHVZ1IWbQkX7gE4pmTTThmYeJneEEuanuPGvuHGhiO7015i2s9DqgcDhnHsJ9/NiwRXY9qeVW1hcWl7JrxbW1jc2t4rbO00VJZKyBo1EJNseUUzwkDWAg2DtWDISeIK1vNHFpG/dM6l4FN7COGbdgAxC7nNKwES9YgUXsOtLQrV7yQQQXOtpKjmkqa6l2FU8wFnvpNpVdxL0TZpi3CuW7LI9Ff5rnMyUUKZ6r/jh9iOaBCwEKohSHceOoauJBE4FSwtuolhM6IgMWMfYkARMdfX0wBQfmKSP/UiaFwKepj83NAmUGgeemQwIDNV8Nwn/6zoJ+GddzcM4ARbS2Ud+IjBEeEIL97lkFMTYGDLBwimmQ2JwgGFaMBCc+ZP/muZR2Tktn1wfl6rnGY482kP76BA5qIKq6ArVUQNR9ICe0At6tR6tZ+vNep+N5qxsZxf9kvX1DfBtouU=</latexit>

! M crit

M
!

1
"

S

<latexit sha1_base64="L9KhuWYMECVfE/uoLUJ50ZJYVBA="></latexit>

Ĥ = m�n̂� +

✓
1 !

n̂�

N�

◆p X

j

mj n̂j .

Thus, in such a case a black hole becomes fully burdened after it looses a tiny fraction of 
the mass. 

The gap function
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It turns out that QFT bound on information storage capacity is area law 

 Upper bound on microstate entropy in QFT: 

¥ G.D., JHEP03(2021) 126, arXiv:2003.05546

Scale of Poincare breaking

<latexit sha1_base64="yqyOqgzmD6BT9zPn1MvXUS9Y7n0=">AAACDnicbVC7TsMwFHXKq4RXgJHFoqrEgKqk4rUgFVgYi6AtUhMix3Vaq44T2Q6iivoFLPwKCwMIsTKz8Te4bQZoOZKlo3Pu0fU9QcKoVLb9bRTm5hcWl4rL5srq2vqGtbnVlHEqMGngmMXiNkCSMMpJQ1HFyG0iCIoCRlpB/2Lkt+6JkDTmN2qQEC9CXU5DipHSkm+VoQk1rv0sQg9DCE/hmY67+9BVNCIShndVbftWya7YY8BZ4uSkBHLUfevL7cQ4jQhXmCEp246dKC9DQlHMyNB0U0kShPuoS9qacqR3edn4nCEsa6UDw1joxxUcq78TGYqkHESBnoyQ6slpbyT+57VTFZ54GeVJqgjHk0VhyqCK4agb2KGCYMUGmiAsqP4rxD0kEFa6QVOX4EyfPEua1YpzVDm8OijVzvM6imAH7II94IBjUAOXoA4aAINH8AxewZvxZLwY78bHZLRg5Jlt8AfG5w8xI5hz</latexit>

Smax = Area ! f 2

Objets saturating this bound (saturons) share all the ``mysterious''  properties of a black hole.

However, the memory burden does not require an exact saturation of the bound. 
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The universality of the phenomenon: it is shared by all  objects of high information 
capscity. It is therefore expected also in black holes.   

 The detailed analysis shows that the memory burden effect sets-in latest by half-
decay.   
   After this point the evaporation/decay is slowed down so that the lifetime  
is extended as:  

n = positive integer. This is because the decay rate is 
analytic both in number of memory modes as well as in the 
coupling, which scale as:  

<latexit sha1_base64="vdfvKB6ykDhA7dsDYI7JCD1OxL4=">AAACNXicbVC7TsMwFHXKq4RXgJHFokJCAlUJ4jVWsDAwlEcfUhMqx3Vaq7YT2Q5SFfWnWPgPJhgYQIiVXyBpM5SWI92ro3PulX2PHzGqtG2/GYW5+YXFpeKyubK6tr5hbW7VVRhLTGo4ZKFs+kgRRgWpaaoZaUaSIO4z0vD7l5nfeCRS0VDc60FEPI66ggYUI51Kbesa5jDNrGvoKsohvIXuIbx7SJwDMYSuOzZnMCFn1GxbJbtsjwBniZOTEshRbVsvbifEMSdCY4aUajl2pL0ESU0xI0PTjRWJEO6jLmmlVCBOlJeMrh7CvVTpwCCUaQkNR+rkRoK4UgPup5Mc6Z6a9jLxP68V6+DcS6iIYk0EHj8UxAzqEGYRwg6VBGs2SAnCkqZ/hbiHJMI6DToLwZk+eZbUj8rOafnk5rhUucjjKIIdsAv2gQPOQAVcgSqoAQyewCv4AJ/Gs/FufBnf49GCke9sgz8wfn4B9qWcZQ==</latexit>

t ! R S1+ n

<latexit sha1_base64="8Ao2aHEz7jbXIs8S9Eb7RZc98lo="></latexit>

! !
1
S

, NG ! S
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Stabilization of black holes by memory burden effect has important 
implications, in particular, for primordial black hole (PBH) dark matter, as it 
opens up a new window of very light and long-lived PBH:  

                G.D,  Eisemann, Michel, Zell, '21;  Alexandre, G.D.,  Koutsangelas, '24;   Thoss, 
Burkert, Kohri, '24. G.D, Valbuena-Bermudez, Zantedeschi, '21      
              

   Such light PBH can be stabilized by the memory burden effect and play the role of dark 
matter in the pressent Universe

<latexit sha1_base64="P2PVUOWodq4qoGpQOzCLZW5rwpY=">AAACNXicbVBLSwMxGMzWV11fqx69BIvgqexKfRw8lHrpQaGCfUC7Ltk0bUOzD5KsUJb9U178H5704EERr/4Fs9sFte1AwjDzDck3bsiokKb5qhWWlldW14rr+sbm1vaOsbvXEkHEMWnigAW84yJBGPVJU1LJSCfkBHkuI213fJX67QfCBQ38OzkJie2hoU8HFCOpJMe4hjl0PbvhImTqjRM3avUEwktomfexVUng8Hc8jeuOUTLLZgY4T6yclECOhmM89/oBjjziS8yQEF3LDKUdIy4pZiTRe5EgIcJjNCRdRX3kEWHH2dYJPFJKHw4Cro4vYab+TcTIE2LiuWrSQ3IkZr1UXOR1Izm4sGPqh5EkPp4+NIgYlAFMK4R9ygmWbKIIwpyqv0I8QhxhqYpOS7BmV54nrZOydVY+va2UqrW8jiI4AIfgGFjgHFRBHTRAE2DwCF7AO/jQnrQ37VP7mo4WtDyzD/5B+/4Be+ubug==</latexit>

M P BH < 1014g



G. Dvali, J. S. Valbuena Bermœdez and M. Zantedeschi



G. Dvali, J. S. Valbuena Bermœdez and M. Zantedeschi
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Memory-Burdened black holes as dark matter and source of high energy cosmic rays

G.D., Zantedeschi, Zell, '25

See, Montefalcone et al, '25 for  
 different analysis of smooth 
transition to memory burden.  
If I correctly understood the 
statements (that burdened PBH DM  
is out)  then I disagree. 

See talk by Sebastian Zell



37

Swift memory burden in black hole mergers (G.D. e-Print: 2509.22540 [hep-th])

Information load carried by a black hole affects  the classical dynamics of the mergers.

In black hole mergers with identical classical characteristics but different information loads,  
 we must observe macroscopical differences in gravitational radiation.

https://arxiv.org/abs/2509.22540
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<latexit sha1_base64="83ZFnc0AXvs0gJ2hd7oSMiFj184=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KKERHwti25cVrAPaEOZTG/aoZNJmJkIJXbjr7hxoYhbP8Odf+O0zUJbD1w4nHMv994TJJwp7brfVmFpeWV1rbhe2tjc2t6xd/caKk4lhTqNeSxbAVHAmYC6ZppDK5FAooBDMxjeTPzmA0jFYnGvRwn4EekLFjJKtJG69gEuYfyIvYpXcRyn4uGOJKLPoWuXXcedAi8SLydllKPWtb86vZimEQhNOVGq7bmJ9jMiNaMcxqVOqiAhdEj60DZUkAiUn00fGONjo/RwGEtTQuOp+nsiI5FSoygwnRHRAzXvTcT/vHaqwys/YyJJNQg6WxSmHOsYT9LAPSaBaj4yhFDJzK2YDogkVJvMSiYEb/7lRdI4dbwL5/zurFy9zuMookN0hE6Qhy5RFd2iGqojisboGb2iN+vJerHerY9Za8HKZ/bRH1ifP4r0kzc=</latexit>

|1, 1, ..., 1i

<latexit sha1_base64="TrN295tdxEMYOcIJ1BHFjhrjWGU=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KKERHwti25cVrAPaEOZTG/aoZNJmJkIJXbjr7hxoYhbP8Odf+O0zUJbD1w4nHMv994TJJwp7brfVmFpeWV1rbhe2tjc2t6xd/caKk4lhTqNeSxbAVHAmYC6ZppDK5FAooBDMxjeTPzmA0jFYnGvRwn4EekLFjJKtJG69gEuYfyI3YpbcRyn4uKOJKLPoWuXXcedAi8SLydllKPWtb86vZimEQhNOVGq7bmJ9jMiNaMcxqVOqiAhdEj60DZUkAiUn00fGONjo/RwGEtTQuOp+nsiI5FSoygwnRHRAzXvTcT/vHaqwys/YyJJNQg6WxSmHOsYT9LAPSaBaj4yhFDJzK2YDogkVJvMSiYEb/7lRdI4dbwL5/zurFy9zuMookN0hE6Qhy5RFd2iGqojisboGb2iN+vJerHerY9Za8HKZ/bRH1ifP4ZCkzQ=</latexit>

|0, 0, ..., 0i

<latexit sha1_base64="hhxIh74NJsKTF0AK5nDLp5z9Enc=">AAAB7XicbVBNSwMxEJ2tX3X9qnr0EiyCp7IrVj0WRfBYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YcKZNp737RRWVtfWN4qb7tb2zu5eaf+gqWWqCG0QyaVqh1hTzgRtGGY4bSeK4jjktBWObqZ+64kqzaR4MOOEBjEeCBYxgo2VmshFt72kVyp7FW8GtEz8nJQhR71X+ur2JUljKgzhWOuO7yUmyLAyjHA6cbuppgkmIzygHUsFjqkOstm1E3RilT6KpLIlDJqpvycyHGs9jkPbGWMz1IveVPzP66QmugoyJpLUUEHmi6KUIyPR9HXUZ4oSw8eWYKKYvRWRIVaYGBuQa0PwF19eJs2zin9Rqd6fl2vXeRxFOIJjOAUfLqEGd1CHBhB4hGd4hTdHOi/Ou/Mxby04+cwh/IHz+QMA144e</latexit>

Ep

<latexit sha1_base64="nkTxdg9s4Mhlgd3St20RLUVT048=">AAACBXicbVDLSsNAFJ34rPEVdamLwSK4kJKIr41QFMFNoYJ9QBPCZDpph04mYWYilJCNG3/FjQtF3PoP7vwbp20W2nrgwuGce7n3niBhVCrb/jbm5hcWl5ZLK+bq2vrGprW13ZRxKjBp4JjFoh0gSRjlpKGoYqSdCIKigJFWMLge+a0HIiSN+b0aJsSLUI/TkGKktORbe9CEN34CL2ENukfQDQXCWS3Pan49h75Vtiv2GHCWOAUpgwJ13/pyuzFOI8IVZkjKjmMnysuQUBQzkptuKkmC8AD1SEdTjiIivWz8RQ4PtNKFYSx0cQXH6u+JDEVSDqNAd0ZI9eW0NxL/8zqpCi+8jPIkVYTjyaIwZVDFcBQJ7FJBsGJDTRAWVN8KcR/pIJQOztQhONMvz5LmccU5q5zenZSrV0UcJbAL9sEhcMA5qIJbUAcNgMEjeAav4M14Ml6Md+Nj0jpnFDM74A+Mzx93CpYO</latexit>

Ep = M
M

MP

<latexit sha1_base64="6l4f2MrNY8q0fcy1BbZX3DaI5G8=">AAAB8XicbVDLSgNBEOyNr7i+oh69DAbBU9gVXxchKILHCOaByRJmJ7PJkJnZZWZWCEv+wosHRbz6N978GyfJHjSxoKGo6qa7K0w408bzvp3C0vLK6lpx3d3Y3NreKe3uNXScKkLrJOaxaoVYU84krRtmOG0limIRctoMhzcTv/lElWaxfDCjhAYC9yWLGMHGSo/IRbfdBF0hr1sqexVvCrRI/JyUIUetW/rq9GKSCioN4Vjrtu8lJsiwMoxwOnY7qaYJJkPcp21LJRZUB9n04jE6skoPRbGyJQ2aqr8nMiy0HonQdgpsBnrem4j/ee3URJdBxmSSGirJbFGUcmRiNHkf9ZiixPCRJZgoZm9FZIAVJsaG5NoQ/PmXF0njpOKfV87uT8vV6zyOIhzAIRyDDxdQhTuoQR0ISHiGV3hztPPivDsfs9aCk8/swx84nz+hUI7z</latexit>

Ep = 0Black hole of mass
<latexit sha1_base64="9suarUThERbfAElteeOJ9wHoQ0E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQixchonlAsoTZSW8yZHZ2mZkVwpJP8OJBEa9+kTf/xkmyB40WNBRV3XR3BYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqd+6xGV5rF8MOME/YgOJA85o8ZK96R02ytX3Ko7A/lLvJxUIEe9V/7s9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfjY7dUKOrNInYaxsSUNm6s+JjEZaj6PAdkbUDPWiNxX/8zqpCS/9jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdkQvMWX/5LmSdU7r57dnVZqV3kcRTiAQzgGDy6gBjdQhwYwGMATvMCrI5xn5815n7cWnHxmH37B+fgGMhiNGQ==</latexit>

M

A black hole creates a local environment that lowers the 
energy cost of different information patterns to zero

Scale of energy cost of the same 
information pattern in vacuum

fully loaded pattern

empty pattern
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<latexit sha1_base64="TrN295tdxEMYOcIJ1BHFjhrjWGU=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KKERHwti25cVrAPaEOZTG/aoZNJmJkIJXbjr7hxoYhbP8Odf+O0zUJbD1w4nHMv994TJJwp7brfVmFpeWV1rbhe2tjc2t6xd/caKk4lhTqNeSxbAVHAmYC6ZppDK5FAooBDMxjeTPzmA0jFYnGvRwn4EekLFjJKtJG69gEuYfyI3YpbcRyn4uKOJKLPoWuXXcedAi8SLydllKPWtb86vZimEQhNOVGq7bmJ9jMiNaMcxqVOqiAhdEj60DZUkAiUn00fGONjo/RwGEtTQuOp+nsiI5FSoygwnRHRAzXvTcT/vHaqwys/YyJJNQg6WxSmHOsYT9LAPSaBaj4yhFDJzK2YDogkVJvMSiYEb/7lRdI4dbwL5/zurFy9zuMookN0hE6Qhy5RFd2iGqojisboGb2iN+vJerHerY9Za8HKZ/bRH1ifP4ZCkzQ=</latexit>

|0, 0, ..., 0i
<latexit sha1_base64="83ZFnc0AXvs0gJ2hd7oSMiFj184=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KKERHwti25cVrAPaEOZTG/aoZNJmJkIJXbjr7hxoYhbP8Odf+O0zUJbD1w4nHMv994TJJwp7brfVmFpeWV1rbhe2tjc2t6xd/caKk4lhTqNeSxbAVHAmYC6ZppDK5FAooBDMxjeTPzmA0jFYnGvRwn4EekLFjJKtJG69gEuYfyIvYpXcRyn4uGOJKLPoWuXXcedAi8SLydllKPWtb86vZimEQhNOVGq7bmJ9jMiNaMcxqVOqiAhdEj60DZUkAiUn00fGONjo/RwGEtTQuOp+nsiI5FSoygwnRHRAzXvTcT/vHaqwys/YyJJNQg6WxSmHOsYT9LAPSaBaj4yhFDJzK2YDogkVJvMSiYEb/7lRdI4dbwL5/zurFy9zuMookN0hE6Qhy5RFd2iGqojisboGb2iN+vJerHerY9Za8HKZ/bRH1ifP4r0kzc=</latexit>

|1, 1, ..., 1i

In the black hole ground state, the black holes with very different information loads 
weight the same 

However, they respond very differently to perturbations.
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The information load influences the dynamics of a perturbed black hole.



41

The swift memory burden effect is controlled by the memory burden parameter:

<latexit sha1_base64="NwlxiBYeP4KCmgJanM3tsXIZBUo=">AAACBnicbVDLSsNAFJ3UV42vqEsRBovgqiTia1kUwY1QwT6gCWEynbRDZ5I4MymUkJUbf8WNC0Xc+g3u/BunbRbaeuDC4Zx7ufeeIGFUKtv+NkoLi0vLK+VVc219Y3PL2t5pyjgVmDRwzGLRDpAkjEakoahipJ0IgnjASCsYXI391pAISePoXo0S4nHUi2hIMVJa8q19aEIIXZ5ClzykdAjdUCCc3ebZtZ/kvlWxq/YEcJ44BamAAnXf+nK7MU45iRRmSMqOYyfKy5BQFDOSm24qSYLwAPVIR9MIcSK9bPJGDg+10oVhLHRFCk7U3xMZ4lKOeKA7OVJ9OeuNxf+8TqrCCy+jUZIqEuHpojBlUMVwnAnsUkGwYiNNEBZU3wpxH+kclE7O1CE4sy/Pk+Zx1Tmrnt6dVGqXRRxlsAcOwBFwwDmogRtQBw2AwSN4Bq/gzXgyXox342PaWjKKmV3wB8bnDxm7l64=</latexit>

µ !
M
Ep

<latexit sha1_base64="tpB2zOfyNIlU72SuBJ1tvHEANLM=">AAACF3icbVDLSsNAFJ3UV42vqks3g0VwFZLia1kUwU0hon1AE8NkOmmHTh7OTIQS8hdu/BU3LhRxqzv/xmmbhbYeuHA4517uvcdPGBXSNL+10sLi0vJKeVVfW9/Y3Kps77REnHJMmjhmMe/4SBBGI9KUVDLSSThBoc9I2x9ejP32A+GCxtGtHCXEDVE/ogHFSCrJqxhQhxBeejZ0BA2hE3CEs8ZdLc8anp1PxYYj7rnMbnIIvUrVNMwJ4DyxClIFBWyv8uX0YpyGJJKYISG6lplIN0NcUsxIrjupIAnCQ9QnXUUjFBLhZpO/cniglB4MYq4qknCi/p7IUCjEKPRVZ4jkQMx6Y/E/r5vK4MzNaJSkkkR4uihIGZQxHIcEe5QTLNlIEYQ5VbdCPEAqGqmi1FUI1uzL86RVM6wT4/j6qFo/L+Iogz2wDw6BBU5BHVwBGzQBBo/gGbyCN+1Je9HetY9pa0krZnbBH2ifPzJbnYg=</latexit>

EP !
M 2

M P
! M

"
S

<latexit sha1_base64="z/yI5o+WnLdHI/oQqvTp8ya2z38=">AAACEnicbVDLSsNAFJ34rPVVdenmYhEUpCTia1l047KifUATymQ6aYfOJHFmIpSQb3Djr7hxoYhbV+78G6dtFtp64MLhnHu59x4/5kxp2/625uYXFpeWCyvF1bX1jc3S1nZDRYkktE4iHsmWjxXlLKR1zTSnrVhSLHxOm/7gauQ3H6hULArv9DCmnsC9kAWMYG2kTukQigDgigRcxQS4gcQkdbLUVfdSp7dZBu4RuJyD0ymV7Yo9BswSJydllKPWKX253YgkgoaacKxU27Fj7aVYakY4zYpuomiMyQD3aNvQEAuqvHT8Ugb7RulCEElToYax+nsixUKpofBNp8C6r6a9kfif1050cOGlLIwTTUMyWRQkHHQEo3ygyyQlmg8NwUQycyuQPjapaJNi0YTgTL88SxrHFeescnpzUq5e5nEU0C7aQwfIQeeoiq5RDdURQY/oGb2iN+vJerHerY9J65yVz+ygP7A+fwD2t5vT</latexit>

µ !
1

"
S

# 1

mass of the black hole 

vacuum energy cost of the information pattern

For a black hole  with maximal information load

The effect is more significant for smaller 

 and correspondingly,

<latexit sha1_base64="Pgi5jNgrjkg0svaIR6u07WasbyM=">AAAB8HicbVDLSsNAFL2prxpfVZduBovgqiTia1l047KCfUgbymQ6aYfOTMLMRCihX+HGhSJu/Rx3/o3TNAttPXDhcM693HtPmHCmjed9O6WV1bX1jfKmu7W9s7tX2T9o6ThVhDZJzGPVCbGmnEnaNMxw2kkUxSLktB2Ob2d++4kqzWL5YCYJDQQeShYxgo2VHpGLEOqJFPUrVa/m5UDLxC9IFQo0+pWv3iAmqaDSEI617vpeYoIMK8MIp1O3l2qaYDLGQ9q1VGJBdZDlB0/RiVUGKIqVLWlQrv6eyLDQeiJC2ymwGelFbyb+53VTE10HGZNJaqgk80VRypGJ0ex7NGCKEsMnlmCimL0VkRFWmBibkWtD8BdfXiats5p/Wbu4P6/Wb4o4ynAEx3AKPlxBHe6gAU0gIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4ARFaOxg==</latexit>µ
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In time-evolution of each coherent master mode the burden moves the resonant  transition 
frequency towards infrared  

<latexit sha1_base64="cTfwOXhQtPY8X+tLkz7FIuq22ds="></latexit>

I ! ! ((1 ! R! ) µ)
1

p ! 1

<latexit sha1_base64="4aDOtE+38DoOBRXZHHepHPrR+zE=">AAACIXicbVBNS8NAEN34WetX1KOXwSJ40JIUv46iF48VrApNWzbbSV3cTcLuRighf8WLf8WLB0V6E/+M24+DWh8MPN6bYWZemAqujed9OjOzc/MLi6Wl8vLK6tq6u7F5o5NMMWywRCTqLqQaBY+xYbgReJcqpDIUeBs+XAz920dUmifxtemn2JK0F/OIM2qs1HFPoQwAQReFodDr5EEisUeLdg0CzSUE+9aUWTsPIkVZ7hd5euAXBUC541a8qjcCTBN/QipkgnrHHQTdhGUSY8ME1brpe6lp5VQZzgQW5SDTmFL2QHvYtDSmEnUrH31YwK5VuhAlylZsYKT+nMip1LovQ9spqbnXf72h+J/XzEx02sp5nGYGYzZeFGUCTALDuKDLFTIj+pZQpri9Fdg9tVkYG+owBP/vy9Pkplb1j6tHV4eVs/NJHCWyTXbIHvHJCTkjl6ROGoSRJ/JC3si78+y8Oh/OYNw640xmtsgvOF/fLIihGg==</latexit>

! g2
! ! µ

1
p ! 1

<latexit sha1_base64="HAM7wD0/OaE6mfiamedN6rSKJjA="></latexit>

! g2
! !

1
" R

µ
1

p ! 1

<latexit sha1_base64="aYNdy/unkK/YCdrpzXXpSoI2jWg=">AAACBnicbVDLSsNAFJ34rPEVdSnCYBFclUR8LYtuXFaxD2hCmUwn7dB5hJmJUEJWbvwVNy4Uces3uPNvnD4W2nrgwuGce7n3njhlVBvf/3YWFpeWV1ZLa+76xubWtrez29AyU5jUsWRStWKkCaOC1A01jLRSRRCPGWnGg+uR33wgSlMp7s0wJRFHPUETipGxUsc7gC6EMJSc9BAMNeUwTBTCeVDkdwXseGW/4o8B50kwJWUwRa3jfYVdiTNOhMEMad0O/NREOVKGYkYKN8w0SREeoB5pWyoQJzrKx28U8MgqXZhIZUsYOFZ/T+SIaz3kse3kyPT1rDcS//PamUkuo5yKNDNE4MmiJGPQSDjKBHapItiwoSUIK2pvhbiPbAzGJufaEILZl+dJ46QSnFfObk/L1atpHCWwDw7BMQjABaiCG1ADdYDBI3gGr+DNeXJenHfnY9K64Exn9sAfOJ8/YnWXNg==</latexit>

! !
1
R

the corresponding metric perturbation gets suppressed as  

For we have 

the frequency in black hole ground state 
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 The memory burden parameter of a black hole depends of the diversity of the source that collapsed 
into it.   Some examples:  

Collapse of a (mildly) relativistic matter of nuclear density 

<latexit sha1_base64="wyw6uUnR/8YmhLk4RQQnwOSWXEw=">AAAB/HicbVDLSsNAFJ3UV42vaJduBovgxpKIz13RjcsK9gFNLJPppB06MwkzEyGE+ituXCji1g9x5984bbPQ1gMXDufcy733hAmjSrvut1VaWl5ZXSuv2xubW9s7zu5eS8WpxKSJYxbLTogUYVSQpqaakU4iCeIhI+1wdDPx249EKhqLe50lJOBoIGhEMdJG6jkVaPs8hb6iHHruQ358NYY9p+rW3CngIvEKUgUFGj3ny+/HOOVEaMyQUl3PTXSQI6kpZmRs+6kiCcIjNCBdQwXiRAX59PgxPDRKH0axNCU0nKq/J3LElcp4aDo50kM1703E/7xuqqPLIKciSTUReLYoShnUMZwkAftUEqxZZgjCkppbIR4iibA2edkmBG/+5UXSOql557Wzu9Nq/bqIowz2wQE4Ah64AHVwCxqgCTDIwDN4BW/Wk/VivVsfs9aSVcxUwB9Ynz/bw5L9</latexit>

µ ! 10! 9

A  PBH formed as collapse of a Hubble patch in radiation domination epoch 
is expected to have maximal memory burden 

<latexit sha1_base64="6GsZAnMXYNSFKkKROPs1uBFvLT0=">AAACHHicbVDLSsNAFJ34rPEVdelmsAiuSlKfy6IbN4WK9gFNDJPppB06k8SZiVBCPsSNv+LGhSJuXAj+jdPHorYeuHA4517uvSdIGJXKtn+MhcWl5ZXVwpq5vrG5tW3t7DZknApM6jhmsWgFSBJGI1JXVDHSSgRBPGCkGfSvhn7zkQhJ4+hODRLicdSNaEgxUlryrWNoujyFrqQcuqFAOHPyzJUPQmW3eT6tV/1anlXvyzn0raJdskeA88SZkCKYoOZbX24nxiknkcIMSdl27ER5GRKKYkZy000lSRDuoy5paxohTqSXjZ7L4aFWOjCMha5IwZE6PZEhLuWAB7qTI9WTs95Q/M9rpyq88DIaJakiER4vClMGVQyHScEOFQQrNtAEYUH1rRD3kI5C6TxNHYIz+/I8aZRLzlnp9OakWLmcxFEA++AAHAEHnIMKuAY1UAcYPIEX8AbejWfj1fgwPsetC8ZkZg/8gfH9C+40oVA=</latexit>

µ !
1

"
S

!
M P

M 2

(Analysis from GW250114 event Yuan,  Brito,  e-Print:!2510.19916![gr-qc])

 The  critical exponent p then can be constrained accordingly

https://arxiv.org/abs/2510.19916
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 The memory burden effect is a  universal phenomenon of nature characteristic  to  
 objects with high efficiency of information storage. 

It is therefore prominently represented  in black holes. 

A very brief summary

It implies that the information load of a black hole strongly influences its macroscopic 
dynamics.   

In form of the memory burden parameter,  black holes possess a new macro-quantum 
characteristics.  

Swift memory burden effect has important implications for black hole mergers. Black holes 
of identical classical characteristics merge differently depending on their memory loads.   
This difference affects black hole spectroscopy and gets imprinted in gravitational 
radiation.  

In particular, it tends to stabilizes a black holes against the decay. 



 Initial Big goal: 
Understanding how black holes work and finding and 

implementing underlying universal phenomena in generic 
systems  
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But then the story changed. 
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The area form of the entropy creates an impression that information 
is stored on the surface of a black hole in form of Plack size pixels

<latexit sha1_base64="Vu2JQqhK1tRWPJl5Nxofz8hrO3Q=">AAACKnicbVDLTgIxFO3gC8fXqEs3jcTEFZkh+NiQgC504QKjIAmMpFM60NB5pO2YkMl8jxt/xQ0LDXHrh1iGMRHwJG1Ozrn3tvc4IaNCmuZEy62srq1v5Df1re2d3T1j/6Apgohj0sABC3jLQYIw6pOGpJKRVsgJ8hxGnpzh9dR/eiFc0MB/lKOQ2B7q+9SlGEkldY0azKD/XnrKHmAFdlyOcFxT45K4fJNU4Lxy160/lxLYNQpm0UwBl4mVkQLIUO8a404vwJFHfIkZEqJtmaG0Y8QlxYwkeicSJER4iPqkraiPPCLsOF01gSdK6UE34Or4Eqbq344YeUKMPEdVekgOxKI3Ff/z2pF0L+2Y+mEkiY9nD7kRgzKA09xgj3KCJRspgjCn6q8QD5CKQ6p0dRWCtbjyMmmWitZ58ey+XKheZXHkwRE4BqfAAhegCm5BHTQABq/gHXyAT+1NG2sT7WtWmtOynkMwB+37B1UQoDA=</latexit>

S =
Area
4G

=
Area
4L 2

P

Black hole holography?   ('t Hooft, ...)
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Black hole bound on the number of species  
(G.D., '07, G.D., Redi '07, G.D., Gomez 
'08,...):

<latexit sha1_base64="LEsaFKRcoNQKccufBlM0RyYr8t8=">AAACB3icbVDLSsNAFJ3UV62vqEtBBosgLkoivjZC0Y2bSgX7gCaEyXTSDp08nJkIZcjOjb/ixoUibv0Fd/6N0zYLbT1w4XDOvdx7j58wKqRlfRuFufmFxaXicmlldW19w9zcaoo45Zg0cMxi3vaRIIxGpCGpZKSdcIJCn5GWP7ga+a0HwgWNozs5TIgbol5EA4qR1JJn7kJY89RhBi+gE3CEVc2rZ8oR91yqmyzzzLJVscaAs8TOSRnkqHvml9ONcRqSSGKGhOjYViJdhbikmJGs5KSCJAgPUI90NI1QSISrxn9kcF8rXRjEXFck4Vj9PaFQKMQw9HVniGRfTHsj8T+vk8rg3FU0SlJJIjxZFKQMyhiOQoFdygmWbKgJwpzqWyHuIx2H1NGVdAj29MuzpHlUsU8rJ7fH5eplHkcR7IA9cABscAaq4BrUQQNg8AiewSt4M56MF+Pd+Ji0Fox8Zhv8gfH5A94EmLw=</latexit>

M ! =
M P!

N

For black holes of inverse size:

the decay cannot be thermal. 

Simultaneously, graviton graviton scattering 
becomes saturated by multi-particle states 
with species entropy being equal to 
Bekenstein-Hawking entropy. 
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The effect of particle species on memory burden effect:  

They shorten the transition time (G.D.,'21,  Alexandre, Koutsangelas '24; 
Ettengruber, and Kuhnel, '25, Alexandre,  G.D., Zantedeschi,...(to 
appear)   

See talks  by:  Ana Alexandre and Manuel Ettengruber


