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In this talk | 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

Black holes are the most compact objects of nature

RQZQMGN, Gy =

Mp = Planck Mass

Gravitational radius: the radius of the horizon



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.

S = In(n)

g Area

/: 1G N

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




This leads to an extraordinarily high capacity of information storage

For example, for a black hole of the earth mass, Rg ~ CM

the entropy is, S ~ ]_066

Thus, the number of black hole quantum microstates is:

66
NN — GS ~ 610



Black hole = mysteries":

Areal-law entropy of Bekenstein-Hawking: Area Area

S = —
G My’

Semi-classical information horizon.

Evaporate thermally, via Hawking temperature: T —

1
"R

Information-retrieval time, Page time:

tmin = SR = R°M5



In formation is coming out extremely late.
WHY?




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

That is, after emitting the energy AM =M — M’

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

R/ M/ T/ 1 S (M/)2
= 2 =T P T e
M? R M?
this is impossible (G.D., '15) because the above relations would imply
ik 1
T2 8

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

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

that = S R



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

M — S

M S
9 "4

There is no way to accommodate the same amount of information!



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, | 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.

® AVT

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:

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)
11



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.

e

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

5) Discover new associated phenomena;

6) Go back to black holes and apply the gained knowledge.

13



One outcome of this strategy is the black hole memory burden effect:

G.D., 1810.02336 [hep-th]

o 4



https://arxiv.org/abs/1810.02336

Carefully Defining the universality class of objects of:
High Efficiency of Information (Memory) Storage.

(G.D, "7, 18; G.D., Michel, Zell, 20; ...)

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.

The modes outside are highly gapped or non-
existent Due to this, information stored in

Gapless memory modes (Goldstones) live only inside

memotry modes cannot escape for a long time.

15



A black hole creates a local environment that lowers the

energy cost of different information patterns to zero

/

Black hole of mass /[

0,0, ...

Scale of energy cost of the same
information pattern in vacuum

s /
P

M
oy 1) E,=M—  fully loaded pattern

= P

,0) E,=0 empty pattern
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A black hole of mass M, stores
information patters at zero

energy cost. The same information outside of the black hole

costs gigantic energy:

M
E,=M-—>M
i, >

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

Ep =10 M = 10" Muniverse

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

19



pattern

20



) ‘Melnory" modes store information:
a; &T] = 04 a;,a;] =0
1y W 17 9 19 W9 .

Information is stored in memory pattern:

p) = |n1,n2,...), n,; = occupation numbers

In ordinary systems: [A{ A
free '

this is very costly in energy:

21



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.

A ,;/\LQS p
Ny ) 4
J
For nq§ — N¢ the energy cost of the memory pattern is much less than the cost in vacuum:

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)
22



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

AND, NO-FLY ZONE OUTSIDE!

o\

State (0;% ¥, 0,0,%, ... ) is much less costly in energy than
(O)M)M)O)O) m ) *°° )




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,
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Information Horizon is Automatic Consequence of Efficiency of Information Storage.

Example from G.D., Kaikov, Valbuena-Bermudez, 21

t=0.00
1.2

-30 30

7T/2

-77/2
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Information Horizon is Automatic Consequence of Efficiency of Information Storage.
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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.

27



G.D., J.5., Valbuena-Bermudez, M. Zénte€deschi
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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.
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Inside the room information is written in flies, outside - in elephants.

AND, NO-FLY ZONE OUTSIDE!

o\

State (0;% ¥, 0,0,%, ... ) is much less costly in energy than
(O)M)M)O)O) m ) *°° )




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:)

The gap function
A P
- AN n AN
H:m¢n¢+<1! —¢> mj 1y .

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

' M crit 2q)'
= S) e D
v (p°S) v
For p=2, we have U M it
M S

Thus, in such a case a black hole becomes fully burdened after it looses a tiny fraction of
the mass. 31



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

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

Upper bound on microstate entropy in QFT:

Shax = Area ! f?

Scale of Poincare breaking

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.

32



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:

t! RSN

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:

1 , Ng! S

1
S

33



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:

Mpgr < 10%g

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

G.D, Eisemann, Michel, Zell, 21; Alexandre, G.D., Koutsangelas, 24; Thoss,
Burkert, Kohri, 24. G.D, Valbuena-Bermudez, Zantedeschi, 21
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G. Dvali, J. S. Valbuena Bermoedez and M. Zantedeschi



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



Memory-Burdened black holes as dark matter and source of high energy cosmic rays

G.D., Zantedeschi, Zell, 25

See talk by Sebastian Zell

See, Montefalcone et al, 25 for
different analysis of smooth
transition to memory burden.

If | correctly understood the
statements (that burdened PBH DM
is out) then | disagree.
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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.

37


https://arxiv.org/abs/2509.22540

A black hole creates a local environment that lowers the

energy cost of different information patterns to zero

/

Black hole of mass /[

0,0, ...

Scale of energy cost of the same
information pattern in vacuum

s /
P

M
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,0) E,=0 empty pattern
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In the black hole ground state, the black holes with very different information loads
weight the same

However, they respond very differently to perturbations.

39



®

The information load influences the dynamics of a perturbed black hole.

40



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

/ mass of the black hole

‘\

vacuum energy cost of the information pattern

The effect is more significant for smaller H.

For a black hole with maximal information load Ep! —I' M S

and correspondingly,

41



In time-evolution of each coherent master mode the burden moves the resonant transition
frequency towards infrared

(@ R AT

the frequency in black hole ground state

the corresponding metric perturbation gets suppressed as

Ig? ! ..1R M T
1
For | | — wehave
R
2 1
lgr Ioper e

42



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

-0 .-

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

, ool Mp

The critical exponent p then can be constrained accordingly

(Analysis from GW250114 event Yuan, Brito, e-Print:!12510.19916![gr-qc])



https://arxiv.org/abs/2510.19916

A very brief summary

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.

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

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

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

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.

44



Initial Big goal:

Understanding how black holes work and finding and
implementing underlying universal phenomena in generic
systems

But then the story changed.

45



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

Area Area
S = = 5
4G 4L 5

-

Black hole holography? ('t Hooft, ...)

46
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Black hole bound on the number of species
(G.D., '07, G.D., Redi '07, G.D., Gomez
'08,...):

For black holes of inverse size:

v, = P

N

the decay cannot be thermal.

Simultaneously, graviton graviton scattering
becomes saturated by multi-particle states

with species entropy being equal to
Bekenstein-Hawking entropy.

FIG. 3. Above, 2 — n process in which two initial gravitons
produce n particles of different species denoted by different
colors. The process saturates unitarity at the species scale
Avy ~ %. Below, Alice observing a smallest semi-classical

black hole which carries the species hair (denoted by colors).
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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
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