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An analysis of the gravitational waves emitted from black hole mergers confirms that black holes are the fastest
known information dissipaters.

The extreme nature of black holes means that they o!er unique opportunities for testing the limits of physics laws.
One law that researchers have wanted to test in this way is the one describing the maximum rate at which
information can flow out from a system. But until recently, this test was impossible with black holes because of a
lack of suitable candidates. That changed with the first measurements of gravitational waves. Now, an analysis of
the gravitational waves detected from eight black hole mergers confirms that the law applies to these extreme
objects [1].

Any perturbed object will emit information about its state until it returns to equilibrium. Theory predicts a limit to
the rate of this information emission, with that limit depending on the object’s temperature and its relaxation time
(how fast it regains equilibrium). For freshly merged black holes, these parameters are encoded in the emitted
gravitational waves.

Of the roughly 50 black hole mergers so-far detected, researchers from the University of Pisa, Italy, and the
University of Glasgow, UK, selected eight from which they could make confident measurements of relaxation times.
For each of these mergers, the team calculated the maximum average rate of information emission per unit of
energy. They found that these rates are the fastest for any known object: about  bits per second per
joule, or 75% of the theoretical maximum. At this extreme rate, perturbed black holes broadcast information at a
rate roughly 11 orders of magnitude higher than those involving “everyday” room-temperature objects that are
roughly a meter wide.

The result confirms that black holes obey fundamental principles of general relativity, information theory, and
thermodynamics—a finding that the team says wasn’t guaranteed to be true. Any future extensions to general
relativity, they say, must obey this information bound as well.

–Christopher Crockett

Christopher Crockett is a freelance writer based in Arlington, Virginia.
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evidence case (amax ¼ bmax ¼ 100), we employ a
conservative choice. In Fig. 2 we display, in blue, the
median and 90% credible intervals of the posterior prob-
ability distributions pðHjDN; a; bÞ. Single-event likeli-
hoods are shown in gray for comparison. We finally
compute the probability that the Bekenstein-Hod bound
(gold vertical line) is obeyed on a population level, by
computing the p-value (p̃ ≔ pðH < 1jDN; a; bÞ) for each
of a; b sample obtained from Eq. (3). The result yields a p̃-
value distribution strongly peaked towards unity with
median and 90% credible levels given by p̃ ¼ 0.94þ0.05

−0.14,
where p̃ ¼ 1 would indicate perfect agreement with the
prediction, while p̃ ¼ 0 perfect disagreement. The
Bekenstein-Hod bound is respected with very high con-
fidence by the observed BBH population. As an additional
check, we compared our result with the corresponding
value coming from a naive point-estimate of the averageH
likelihood, the latter being insensitive to specific hierar-
chical modeling choices. A weighted average over single
events likelihoods, with weights given by the respective
evidences, yields the red curve displayed in Fig. 2, corre-
sponding to p̃ ¼ 0.93. The excellent agreement between
this un-modelled estimate and the median of the hierar-
chical population posterior confirms the robustness of the
adopted population model.
Conclusions.—BHs are expected to be the fastest dis-

sipating objects in the Universe, in the sense that they

possess the shortest possible relaxation time for a given
temperature [18]. In this Letter, we obtained an observa-
tional verification of the Bekenstein-Hod information
emission bound using a Bayesian time-domain analysis
applied to the binary black holes of the LIGO-Virgo
GWTC-2 catalog. The result is consistent with the pre-
dictions of GR, BH thermodynamics, and information
theory. Our analysis provides the first experimental veri-
fication of a long-standing prediction on the dynamical
information-emission process of a BH.
Software.—Open-software PYTHON packages, accessible

through PyPi, used in this work comprise CORNER,
GWSURROGATE, H5PY, MATPLOTLIB, NUMBA, NumPy,
SciPy, SEABORN, and surfinBH [74,75,86–92].

The authors would like to thank Aditya Vijaykumar,
Giancarlo Cella, and Tjonnie Li for stimulating discussions
and Huan Yang, Alessandro Pesci for comments on the
manuscript. J. V. was partially supported by STFC Grant
No. ST/K005014/2. This research has made use of data,
software, and/or web tools obtained from the Gravitational
Wave Open Science Center [93], a service of LIGO
Laboratory, the LIGO Scientific Collaboration, and the
Virgo Collaboration. LIGO is funded by the U.S. National
Science Foundation. Virgo is funded by the French Centre
National de Recherche Scientifique (CNRS), the Italian
Istituto Nazionale di Fisica Nucleare (INFN), and the Dutch
Nikhef, with contributions by Polish and Hungarian
institutes.
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FIG. 2. Median and 90% credible levels on the Bekenstein-Hod
parameter H parent distribution, obtained through a hierarchical
model (blue area). Single-events likelihood (grey curves) are also
displayed, together with their evidence-weighted average (red
curve). The probability that the bound (gold dashed line) is
obeyed by the whole population are p̃ ¼ 0.94þ0.05

−0.14 when assum-
ing the posterior distribution and p̃ ¼ 0.93 when assuming the
average likelihood.
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Maxwell’s electromagnetism  
and Einstein’s general relativity  

allow black hole solutions with a net charge 



~x
⇣

The quantum versions 
of Maxwell’s and 

Einstein’s equations in 
this two-dimensional 

spacetime are also the 
equations describing 

electron entanglement 
in the SYK model!

Maxwell’s electromagnetism  
and Einstein’s general relativity  

allow black hole solutions with a net charge 



The SYK model has a scale-invariant 
entanglement structure:  

i.e. electrons are entangled  
at all distances 

 
In one set of variables, it models the strange 
electrical properties of a material called YBCO 

 
 

In a dual set of variables it describes  
charged black holes

The Sachdev-Ye-Kitaev (SYK) model

Sachdev (2010), Kitaev (2015), Maldacena Stanford (2015)

Sachdev, Ye (1993)



Thermodynamics of 
the SYK model 

and charged black holes



SYK model Charged black holes
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Solution of eigenvalue equation with E = 1 yields a tower of Oh.
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We define the three point function

vh(⌧1, ⌧2, ⌧0) = hc(⌧1)c†(⌧2)Oh(⌧0)i .

In the long time scaling limit, we can drop the bare first time on the right hand side, and obtain
the eigenvalue equation

Ev(⌧1, ⌧2, ⌧0) =

Z
d⌧3d⌧4K(⌧1, ⌧2; ⌧3, ⌧4)vh(⌧3, ⌧4, ⌧0) ,

where the kernel K is

K(⌧1, ⌧2; ⌧3, ⌧4) = �3U2
G⇤(⌧13)G⇤(⌧24)G⇤(⌧34)

2
,

with ⌧ij ⌘ ⌧i � ⌧j , and we are interested in the eigenvalue E = 1.
The functional form of the eigenfunction vh is dictated by conformal invariance. In a general

conformal field theory with scalar fields �1, �2, �3 with scaling dimensions h1, h2, h3 we have

h�1(x1)�2(x2)�3(x3)i ⇠
1

|x12|h1+h2�h3 |x23|h2+h3�h1 |x31|h3+h1�h2

In our case, we use the limit ⌧0 ! 1, where the analogous form implies v ⇠ sgn(⌧12)/|⌧12|1/2�h;
then the eigenvalue equation is

E = �3 tan(⇡h/2� ⇡/4)

2h� 1
= 1 .

There are an infinite number of solutions, and the lowest values are h = 2, 3.77354 . . ., 5.567946 . . .,
7.63197 . . ., . . . . Consequently, the low T behavior of the entropy is

S(T ) = N
⇥
s0 + � T + �2 T

2.77354... + . . .
⇤
.

We will have a particular interest in the h = 2 operator in the remaining discussion.
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It is su�cient to solve the eigenvalue equation as ⌧0 ! 1. Then, we can use the operator
product expansion to write

c(⌧1)c
†(⌧2) ⇠ sgn(⌧12)
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#

Inserting this into the defintion of v, we conclude that v ⇠ sgn(⌧12)/|⌧12|1/2�h as ⌧0 ! 1. Then
the eigenvalue equation simplifies to

E = �3 tan(⇡h/2� ⇡/4)

2h� 1
= 1 .

There are an infinite number of solutions, and the lowest values are h = 2, 3.77354 . . ., 5.567946 . . .,
7.63197 . . ., . . . . Consequently, the low T behavior of the entropy is

S(T ) = N
⇥
s0 + � T + �2 T

2.77354... + . . .
⇤
.

We will have a particular interest in the h = 2 operator in the remaining discussion.


