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Abstract 

The present study seeks to stress the significance of 

simulation techniques for unveiling the essentially dynamical, 

chaotic, non-linear and complex physics of Black Holes. Our 

study starts with a discussion about the nature of dynamical 

and complex systems, importance of simulation at present 

times in the field of Computational Astrophysics and then 

proceeds to embark on a thorough and detailed analysis of the 

areas and sub-areas in the study of black holes where 

simulation can play an even bigger role than it has played so 

far. In fact various problems like Information Loss Paradox 

can be best described if black holes are simulated as complex 

and highly chaotic objects and they themselves are nature’s 

one of the most perfect simulators. The study also attempts to 

show how black holes or general relativistic singularities also 

mark the limits to the processing capabilities of simulation 

technologies. Power of faithful and accurate large data set 

simulation projects like Illustris Project or its predecessor 

Millenium Simulation Project is simply overwhelming and its 

impact on the future course of Computational Astrophysics 

can never be understated. However, here in this study we are 

more interested in the power and efficacy of simulation to 

unveil the most bizarre, chaotic, unpredictable and complex 

dynamical secrets which lurk at the heart of black holes. Just 

like the entire fabric of space-time can be thought of as built 

of foamy cells of 10-35 meter (Planck Length) beyond which 

the resolving power of physics breaks down and around which 

both quantum fluctuations and gravitational effects become 

immensely important, so is the case with highly chaotic and 

unpredictable objects like black holes who pose a serious 

challenge to the resolution power of simulations. The study 

merely hints at the areas where complex simulations and even 

more nuanced numerical methods will continue to exert a 

tremendous influence on the future course of progress of 

Computational Astrophysics. The paper seeks to point out 

some specific areas in the study of the physics of black holes 

where simulation can play a larger role than ever and these 

areas include but are not limited to – simulating black holes as 

holographic simulators of information, black holes as the 

universe’s fastest and most efficient computers, black holes as 

the central engines of various relativistic phenomena and 

black holes as quantum mechanical complex objects.4 

Keywords:Computational Astrophysics; Chaotic System; 

Dynamical System; Complexity Theory; Chaos Theory; Black 

Hole; Entropy and Information; Simulation; Numerical 

Codes; Computer Engineering. 

 

INTRODUCTION 

For studying various modern astrophysical problems like 

charting the universe, exploring the role of different feedback 

effects in the form of Quasar burning and GRB explosions, 

exploring how quantum fluctuations were inflated to 

macroscopic size according to the current theory of cosmic 

inflation, for delving deeper into “feedback" by star 

formation, supernovae and accreting super-massive black 

holes and their roles in regulating galactic growth and star 

formations, for learning more about the hierarchical growth of 

cosmic structure which culminates in the largest 

gravitationally bound objects in the Universe, i.e., galaxy 

clusters and superclusters that form at the knots of cosmic 

filaments etc. the role of simulations is becoming increasingly 

important and each day more and more branches of science is 

taking recourse to simulation for uncovering the dynamic, 

non-linear, complex and often chaotic processes that drive the 

evolution of the macroscopic homogeneity in the grandest of 

scales. Though our study will mainly focus on the power of 

simulation to unveil the deepest mysteries surrounding the 

black holes both as astrophysical realties and theoretical 

constructs, yet a thorough and clear presentation about the 

ideas of dynamical system, chaos theory and complexity has 

been done in the introductory phase. Simulation is a 

fascinating idea both epistemologically and ontologically and 

various thinkers have viewed it from different angles. Massive 

simulations like Illustris are run on supercomputers across 

several countries like Germany, France and US and the largest 

of such Illustris simulations was run on 8,192 compute cores, 

and took 19 million CPU hours. IllustrisTNG is the latest 

successor model to the original Illustris Simulation and it is 

the largest cosmological magnetohydrodynamical simulation 

project to date for the emergence of cosmic structure. This 

project simulated the formation of millions of galaxies in a 

representative region of a universe with a diameter of nearly 1 

billion light-years; in comparison our Universe has a diameter 

of about 46.5 billion Light Years. For the purpose of 

simulations researchers need to design new codes or improve 

upon their existing codes as is evident in case of Illustris 

Project, where the researchers developed an especially 
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powerful version of their parallel moving-mesh code AREPO. 

Our study focuses on three main areas which it thinks to be 

important enough for being subject to high-resolution 

simulations: 1. Black Holes as engines behind the relativistic 

jets in various high energy astrophysical phenomena, 2. Black 

Holes as one of the fastest and most efficient quantum 

computers and 3. Black Holes as simulators of information in 

that they efficiently project any information which enters into 

heir higher-dimensional (n) interiors onto their lower-

dimensional (n-1) surfaces like a perfect hologram. Also, we 

suggest that with the advent of theories like Superstring and 

Loop Quantum Gravity several corrections can be applied to 

their interior so that the central singularity as predicted by 

General Relativity can be modified to yield some exotic end-

product which again can be thought of as a strange attractor or 

a fractal-chaotic product.  

 Morrison describes simulation in the following words: “The 

simulation model is the result of applying a particular kind of 

discretisation to the theoretical/mathematical model. What I 

call the ‘simulation system’ consists of the computer, the 

simulation model, and the programme [that] allows us to 

follow and investigate the evolution of the model physical 

system (i.e., the theoretical model/representation of the target 

system)” (Morrison, 2015). Thomas Weissert opines that 

“simulation is an experiment into an unknown area of 

mathematical structure using a physical apparatus” and he 

maintains that just as Mathematics can be included in the 

realm of nature, so should Simulation be included in the realm 

of experimental physics. We will discuss more about the 

importance of simulation in the next few chapters. The 

Universe though on a large scale shows homogeneity, isotropy 

as described best by Friedmann–Lemaître–Robertson–Walker 

(FLRW) metric yet many of its processes and its past history 

itself are marked by a rage of phenomena which can only be 

studied with the help of non linear, dynamic and complexity 

theories. So before delving into the discussion about how far 

Simulation technologies can lead us in our quest to unfurl the 

secretes of the Black Holes, arguably the strangest prediction 

of General Relativity and one of the most puzzling objects in 

our Universe. Now, let us have a look at some of the most 

defining features of a Dynamical, Complex and Non-linear 

System.  

A dynamical system should possess a set of parameters whose 

values can describe the state of the system at any given 

moment, and it should obey a set of mathematical rules which 

would describe the change of state of the system in any period 

of time. The things which we see around us can be described 

based on their static properties but we can also describe the 

phenomena in terms of the patterns which we see in how the 

state of things changes over time. A State Space or a Phase 

Space is a model used in Dynamic System to capture this 

change in a system state over time and this State Space is 

generally a 2 or 3-D graph in which all possible states are 

represented, with each possible state of the system 

corresponding to one unique point in the state space. Now the 

change in the System State can be modeled in two ways – 

Continuous and Discrete. Continuous change implies that the 

time intervals between measurements are negligibly small 

thus making the process appear as one long continuum and 

this can be studied using the techniques of Calculus. 

Differential equations and Calculus have formed a very 

significant cornerstone in modern science. Newton and 

Leibnitz have helped immensely with their insights in 

Calculus to the study of dynamical systems. Planetary orbits, 

Earth’s atmosphere and semiconductor electronics all are 

classic examples of dynamical systems. Differential Equations 

are great in dealing with a handful number of elements as they 

give us lots of information about the system but become 

extremely complicated when dealing with more and more 

things. Another way to measure the change in the System 

State is to imagine time as discrete meaning that there is a 

discernible time interval between each measurement and here 

Iterative Maps have to be used. Iterative Maps or Iterative 

Functions give us less information but are much simpler and 

much better suited to deal with a greater number of objects 

where feedback is important. Differential equations are 

important in a great number of fields in modern science but 

Iterative Maps are essential to the study of nonlinear dynamics 

as they allow one to take the output to the previous state of the 

system and feed it back into the next iteration thus making 

them well designed to capture the feedback loops that are 

characteristic of non linear systems. The first type of motion 

that we encounter is the Simple Transient Motion in which a 

system gravitates towards a stable equilibrium and then stays 

there. A simple example of this type of motion is that of a ball 

in a bowl which after rolling for some moments finally settles 

down at a point of least gravitational potential or a point of 

equilibrium to stay there until perturbed by some external 

force. Also there is another type of motion like some Periodic 

Motion, such as the motion of the planets around the Sun. 

This type of motion is highly predictable and we can easily 

predict far out in the future and also far back into the past 

phenomena like when eclipses happened. In these systems 

small perturbation are almost always rectified and do not 

increase to alter the system’s trajectory very much in the long 

run. The rising and receding motion of the tides or the change 

in the traffic lights are also examples of such Periodic Motion. 

Now as we can see that in the first type of motion i.e., Simple 

Transient Motion the system simply moved towards some 

point of least action or equilibrium point, in the second 

Periodic Motion the system tends to cycle around some 

equilibrium (Wiggins 2003). 

 All dynamic systems require some energy to drive them 

which are referred to as Dissipative Systems as they are 

constantly dumping their energy being provided to the system 

in the form of motion or change (Galor, 2011). In the periodic 

Motion a system stays bound to its source of energy and its 

trajectory will follow some periodic motion around it or 

towards or away from the source of energy. In case of a 

planet’s orbit around its star, it is following a periodic motion 

because of the gravitational force the Sun exerts on it. If there 

was no gravitational force the motion would cease to exist. 

Another example is the human body which requires input of 

food on a periodic basis. We consume food and then dissipate 

the energy gathered from it trough some activity, only to 

consume more and dissipate it again in an almost periodic 

fashion. Like all other biological systems we are bound to 

cycle through these sets of states. The dissipation and driving 

force tend to balance each other settling the system into its 
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typical behavior. This typical set of sets the system follows 

around its point of equilibrium is called an Attractor. In the 

field of dynamical systems the Attractor is a set of values or 

states towards which a system tends to evolve for a wide 

variety of starting conditions to the system.  The system 

values that get close enough to the attractor remain close even 

if slightly perturbed. There are many examples of attractors 

such as the use of addictive substances – while being subject 

to the addiction our body cycles in and out of its physiological 

influence but continuously comes back to it in a periodic and 

predictable fashion as long as it is not able to break free from 

it. A Basin of Attraction describes all the points within our 

state space that will move the system towards a particular 

Attractor. A planet’s gravitational field is a Basin of 

Attraction. If we place a body massive enough into the 

gravitational field, it will be drawn into the planet’s orbit 

irrespective of its initial condition. Now let us see how 

Complexity arises in the Dynamical state of the system. “The 

Lotka-Volterra type ecosystem may have either a point 

attractor, i.e. the populations become stable, or a limit cycle 

attractor, i.e. predator-prey oscillations remain stable” 

(Wilkinson, 97; Bulmer 1994).  

 The main reason behind the Complexity manifest in the 

dynamics of the state of things around us is the action of 

multiple different interacting forces each of which has 

different Attractor states and the forces are able to change 

between these different Attractors over time. Now Complexity 

is associated Non Linear Dynamics and so in order to grasp all 

the complexities which underlie any given macroscopic 

manifestation of a phenomenon in the real world, we should 

be able to take into account each little variations and non-

linearity which could creep into the system and thus alter the 

predictable, linear and smooth continuum-like state of 

evolution of the system concerned. Simulation, as we will 

soon see is here to play a great role in predicting the 

unpredictable aspects of our highly dynamical emergent 

reality. Speaking of non-linear systems, a Double Pendulum is 

the classic example of a non-linear system. A single 

Pendulum without a joint will follow a periodic and 

deterministic motion characteristic of a linear system with a 

single point of equilibrium. Now if we take this Pendulum and 

put a joint in the middle of its arm so that it gets two limbs, 

the dynamical state of the system will be a product of these 

two parts interacting over time and we will get a nonlinear 

dynamical system. In the example of a planet orbiting around 

a star there is a single equilibrium and attractor but if we add 

another planet into this equation, we will get two equilibria 

points creating a nonlinear dynamical system (Boeing, 2015). 

Our planet will be under the influence of two different 

gravitational fields of attraction. In the case of Simple 

Periodic Motion we did not have to concern ourselves with 

the system’s sensitivity towards Initial Conditions, but in case 

of the new three-body system we have multiple interacting 

parts and Basins of Attraction. Small changes in the initial 

conditions of the system can lead to highly different, long 

term trajectories and this is what is dubbed as Chaos 

(Alligood, Sauer &Yorke, 2000). So Chaos Theory is 

basically a theory for studying the Dynamical Systems which 

are highly sensitive to initial conditions (Werndl, 2016).  

Another term which is inextricably intertwined with this idea 

is the Butterfly Effect. According to this effect, small changes 

in the initial conditions can lead to highly diverging outcomes 

for such dynamical systems, rendering long-term predictions 

almost impossible in most of the cases.  

 

Figure 1: An example of a Strange or Lorenz Attractor. It 

basically can be said to comprise of an infinite set of different 

oscillations which the system may go through. (Image 

Courtesy: 

http://www.clausewitz.com/images/StrangeAttractor.gif) 

 

Now so far we have seen how in case of simple ad 

deterministic system the windows of predictability stay open 

for a longer period than complex ones. Our world and 

universe at large is deterministic and linear on a macroscopic 

scale and so we do not always have to take into account all the 

other external factors like gravitational influences of other 

bodies in other solar systems or impact of charged cosmic 

rays in our day-to-day experiments. So to predict the 

outcomes based on linear causal arrangements of events in our 

mundane realty is not a difficult task at all and so Simulation 

is not always necessary. But this is definitely not the case with 

non-linear dynamical systems where the entire system remains 

highly sensitive to the initial conditions and infinitesimal 

changes in initial conditions propagate exponentially in time 

and the rate of this doubling of errors in the prediction is 

dubbed as the Lyapunov exponent. This is the characteristic 

timescale in which a dynamical system can grow to be 

Chaotic. There is also the fractal dimension of the attractor 

which is measure of the complexity of the shape of the 

attractor and the more complicated the attractor the higher the 

degrees of chaos. Another useful measure of complexity is 

proper definition of information and their use in devising 

measures of complexity and we know that most of the 

complex systems are characterized by information-theoretic 

terms. The order of a complex system can be understood by 

its internal processing of information (Hubler, 2007). Most of 

the complex and fascinating objects in our cosmos are studied 

using a wide range of simulations. Now let us look whether 

and how much our Universe and some the most fascinating 

cosmic objects and events qualify to be Dynamical and 

Chaotic and how much our Simulation technologies can help 

us deal with these complexities.  

In the field of Computational Astrophysics, various kinds of 

simulations exist, some of which are - particle-in-cell (PIC) 

and the closely associated particle-mesh (PM), N-body 

simulations, Monte Carlo methods, as well as grid-free (like 

smoothed particle hydrodynamics) and grid-based methods 

for fluids. Computational fluid dynamics (CFD) using 

numerical analysis and data structures with high-

http://www.clausewitz.com/images/StrangeAttractor.gif
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speed supercomputers are often coupled with radiative 

transfer, Newtonian gravity, nuclear physics and 

general/special relativity to study highly energetic phenomena 

such as supernovae and hypernovae, relativistic jets, active 

galaxies and gamma-ray bursts. Studying exotic objects like 

neutron stars, black holes etc., as well as stellar 

collisions, galaxy mergers and galactic and black hole 

interactions also depend on computer simulations almost 

entirely. Some simulations like Monte Carlo uses the 

techniques which Nature herself uses to produce patterns and 

solve problems. Monte Carlo Simulations uses randomness to 

solve problems that are essentially deterministic. Simulating a 

model is essentially “running a computer simulation of the 

dynamic behaviour of a model given a certain input, e.g. 

consisting in parameter values and boundary conditions” 

(Gelfart, 2009). Computer simulations can be said to have 

developed “a complex chain of inferences that serve to 

transform theoretical structures into specific concrete 

knowledge of physical systems” (Winsberg, 1999). 

 Now let us focus on the black holes and see if they are driven 

by non-linear, chaotic and highly complex processes and 

whether simulations can help us in gaining useful insight into 

their workings.   

1. Black Holes, Complexity and Information Entropy:  

1. (a)Black Hole and Gravitational Waves Simulation: 

Black Holes are one of the most fascinating and complex 

objects that has been subject to numerous kinds and forms of 

simulations in recent years. First of all from an information-

theoretic point-of-view, Black Holes are incredibly complex 

objects and one of the fastest known computers ever predicted 

by a theory. Black holes are proposed to saturate the 

Holographic Bound of information storage capacity. When 

spacetime is scarce the Holographic Bound which is related to 

the area is given by the equation    Now when the 

energy is also scarce then the limit to information storage is 

given by Bekenstein Bound -    but when 

energy sis scarce but space is not then the limit tends to move 

towards infinity and information storage reaches towards 

highest possible limit-  , for arbitrarily large 

box R move towards infinity.  Modern hard disks with area of 

100cm2 can maximally store 1TB = 8 × 1012 classical bits and 

this is a factor of 1028 below the1041 qubits of the Bekenstein 

bound, and a factor of 1054 below the 1067 qubits of the 

holographic bound (Brown et al., 2016).So black holes are not 

just efficient storage disks but also theoretically fastest 

processors of the universe and this speculative aspect is often 

used in SciFi novels to portray black holes as effective raw 

material for producing Computroniums. So, black holes 

themselves can sustain simulated version of data of everything 

that has gone past its horizon on their surface holographically. 

Let us now look at Seth Lloyd’s calculation on the maximum 

operational speed of a black hole laptop. A logical operation 

in time  requires an average energy of  . So 

a system with average energy E can perform a maximum of 

 logical operations each second and so a 1 kilogram 

laptop has average energy E=mc2 = 8.9874 × 1016 joules and 

so  a black hole computer can execute 5.4258 × 1050 

operations per second. Now if we take the lifetime of a black 

hole as , then a 1 kilogram black 

hole having a lifetime of ≈ 10−19 seconds, can 

perform ≈ 1032 operations on its ≈ 1016 bits (Lloyd, 2000). 

This is the power and efficiency of black holes as theoretical 

computational devices. Black Holes can be thought of a 

consisting of a giant Strange Attractor in the form of a Central 

Gravitational Singularity and the Event Horizon acts like an 

ultimate Basin of Attraction where the gravitational tug 

becomes so large that not even light cannot escape from there. 

Within this Horizon, all paths in the forward light cones of 

particles within the horizon, are warped so much that once a 

particle enters inside the horizon, it can never stop moving 

into the hole which becomes equivalent tomoving forward in 

time. The coordinate labeled t, which is timelike outside the 

horizon, becomes spacelike inside the horizon, and the 

coordinate labeled r, which is spacelike outside the horizon, 

becomes timelike inside. But one can switch to different 

coordinate system to avoid that fate inside the Horizon. Inside 

the Horizon one can move in either direction in time – both 

towards future and past; but one’s choice of moving forward 

in space is limited as one cannot move backwards in space, 

the only way to move is to move forwards to the Great 

Attractor known as Singularity.  Black holes produce large 

distortions in spacetime fabric and in special dynamical 

situations such as in case of oscillating or orbiting black holes 

they result in propagation of gravitational waves. Inspiralling 

black holes are one of the most attractive candidates for 

intensive simulations and they serve as the one of the most 

potential signal sources of gravitational waves to be detected 

by ground-based interferometers, such 

as LIGO, GEO600 and Virgo. 

 

. 

Figure 2: Computer Simulation of Binary Inspiral. (Image 

Credit: https://relastro.uni-frankfurt.de/wp-

content/uploads/2016/01/bbh08334-300x240-300x240.jpg) 

Computer simulation of binary inspirals can give huge and 

valuable insight into the complex dynamics of black holes. 

Another interesting achievement is a realistic and 3D 

visualization or simulation of colliding black holes using a 

https://relastro.uni-frankfurt.de/wp-content/uploads/2016/01/bbh08334-300x240-300x240.jpg
https://relastro.uni-frankfurt.de/wp-content/uploads/2016/01/bbh08334-300x240-300x240.jpg
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complete treatment of Einstein’s General Theory of Relativity 

which takes into account swirling accretion disks of 

magnetized matter. Sheer complexity and limits to resolution 

can pose serious challenge to even the most powerful 

simulation methods as is evident in simulation of an accretion 

disk rotating around a black hole. In this case the tension of 

the magnetic fields and their associated turbulence on such 

small scales that prove too chaotic to be fathomable to most of 

the simulations and it is this sub-grid turbulence that is 

thought to play a very significant role in the overall lifetime 

and energy output of the black holes’ disks. To describe sub-

grid physics, phenomenological models are often used. For 

instance, In case of complex, sub-grid physics of processes 

like magnetic turbulence, simulations have to often include 

some special parameters like α-parameter to describe the bulk 

viscosity of the disk. Simulation of black hole growth and 

evolution can also give insight into the processes responsible 

for electromagnetic emission generation from AGNs and 

ultraluminous behemoth Quasars as well as can help us to 

discover the true reasons for their periodic variations in the 

radiation.  Broadband emission from relativistic jets of 

Blazars (beamed counterparts of generally radio quiet 

Quasars)and GRBs can also yield enormous wealth of data 

regarding the physics and mechanism of the jet itself, as well 

as about the central engine responsible for launching it. For 

the purpose of computing multi-wavelength, time-dependent, 

non-thermal emission from astrophysical plasmas/jetted 

outflows Radiative Transfer Codes are of immense 

significance. Simulations using Special relativistic 

magnetohydrodynamics (RMHD) and radiative transfer 

models for inspecting non thermal radiative processes which 

give rise to emission in GRB and Blazars are also quite handy.  

 For relativistic astrophysical phenomena such as gamma-ray 

bursts (GRBs) and Blazars (FSRQ) magnetic field 

amplifications are necessary to launch relativistic jets and the 

methods for sustaining such magnetic field generally assumed 

to be accreted from the progenitor star is a matter of great 

speculation and as such new codes will come handy to delve 

deep into the mysteries surrounding the mechanism of such 

processes. 3-Dimensional special-relativistic 

magnetohydrodynamic (MHD) simulations of GRBs with new 

codes can give us useful insights into the processes which can 

cause a series of events such as compressing the shocks, 

inducing MHD turbulence behind shocks and sustaining 

magnetic fields for long enough. Phenomena like the 

evolution of MHD turbulence and the resulting magnetic field 

amplification can be verified by three-dimensional 

simulations. Also equally important are the dependent, special 

relativistic codes which can dynamically couple with existing 

simulations like Monte Carlo radiative transfer to the flow 

hydrodynamic and thus can give enough insight into 

mechanisms generally proposed to be responsible for 

producing the prompt gamma-ray burst (GRB) emission 

(Kumar, 2014).Similar to GRBs Blazars are also highly 

violent and variable sources of high energy gamma ray 

emission and new codes can be developed to calculate the 

spectra and light curves of blazars during outbursts. Normally 

the codes needed to simulate such outburst periods faithfully 

should include synchrotron emission and inverse-Compton 

process as the main radiation mechanisms for blazars and 

according to the existing paradigm, synchrotron photons and 

external photons need to be included as the seed photons for 

Inverse-Compton scattering processes (Romero, 2016). Since 

these events like Blazars and GRBs are all guided by black 

holes enough insight into the exotic physics occurring inside 

such relativistic beasts can be gained from performing such 

simulations. In fact black holes can be thought of as the limits 

to our standards processes of simulations. Simulations have 

already provided us with significant insights into the 

mechanism responsible for Fanaroff–Riley (FR) 

morphological dichotomy of jets, in which FR II jets are more 

stable, globally organized and more powerful than their FR I 

counterpart. Alexander Tchekhovskoy and Omer Bromberg 

have performed several three-dimensional relativistic MHD 

simulations of these relativistic blazar jets to study the overall 

dynamics, progress, growth, formation of Kink Instabilities 

and the role of jets in influencing the formation and evolution 

of their host galaxies. Fast codes which use cutting-edge GPU 

architecture and the power of supercomputers like Blue 

Waters can carry out simulations with the highest attainable 

resolutions. Black hole accretion disks are dynamic systems 

like the centers of tropical cyclones whose mysteries can only 

be studies the details using advanced simulations.  

Simulations of black hole jet launching mechanisms can not 

only give us wealth of details about their role as engines of 

relativistic jets from active galactic nuclei (AGNs), micro-

quasars (µQSOs), and gamma-ray bursts (GRBs), but can also 

reveal hidden details about their extraordinary physics. 

Besides the most prevalent and widely popular model of 

Blandford-Znajek mechanism through magnetic tension, other 

exotic possibilities Penrose process through particle fission 

and energy extraction by magnetic reconnection process in the 

Ergosphere of Black Hole (Koide & Arai, 2008) can be 

studied only by cutting-edge simulations using high 

performance GPUs and fast codes. An astrophysical 

rotating/Kerr black hole’s final, extractible energy can be 

given by , where M is 

the mass and a is the dimensionless spin parameter. 

Simulations can provide us with invaluable insight regarding 

various alternative mechanisms for extracting this reducible 

energy: e.g. Super-radiant scattering, Penrose process, MHD 

or magnetohydrodynamic Penrose process, Blandford-Znajek 

and modified Hawking scattering etc (Koide Arai, 2008). 

Below is given a diagram of the astrophysical magnetic 

reconnection occurring in black hole Ergosphere: 

 

The centre of a rotating black hole can always be thought of 

as composed of fractal or a strange attractor 

In another way, we can list down various forms of energy 

extraction (Koide, 2009) from a rotating black hole which too 

then can be subjected to proper simulations: 
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Below is another flow-chart depicting various forms in which 

a black hole can accrete: 

 

 

Magnetohydrodynamic Simulations in full General Relativity 

can also be performed with even more advanced codes and 

powerful supercomputers to study the black hole-neutron star 

merger events. Below is a snapshot of one such GRMHD 

simulation of BH-NS merger performed by Paschalidis, Ruiz 

and Shapiro (2015): 

 

1. (b) Simulation of Quantum Complexity of Black Holes: 
Action of a certain spacetime part called a Wheeler-DeWitt 

patch is conjectured to be dual to the quantum complexity of a 

holographic state of an object like a Black Hole. Simulations 

ofneutral, charged, and rotating black holes as well as 

perturbed black holes in Anti –de Sitter spacetime can provide 

us with some of the most valuable insights.In the context of 

Dynamical Systems Theory, one also comes across concepts 

like Networking, nodes, hubs and distributed systems etc. 

Here in the context of black hole simulations too we can see 

how these things play out. Holographic Principle is of utmost 

importance in modern physics. It was first proposed by Gerard 

t’Hooft who mathematically showed that information or 

entropy or degrees of freedom of a system as contained in its 

3-Diemsnonal volume can have its equivalent to the 2 

Dimensional surface or space which encloses that space. This 

is known as Bekenstein Conjecture. Hawking’s ‘Information 

Loss Paradox which relies on emission of particles from 

quantum vacuum round black holes can also be solved by 

holographical encoding of that information of the collapsed 

object on the surface of the light like boundary of the 

gravitational horizon.Hawking Radiation can also be quantum 

mechanically entangled with trans-horizon area thus helping 

the entire information to be retained even when the black hole 

finally evaporates and thus stays still accessible to the 

“physical universe” and is not lost. Physicists like Nassim 

Haramein think that a continuous feedback of information 

from the vacuum fluctuations can influence the dynamical 

equilibrium of a black hole.In the context of Dynamical 

Systems and theories of complexity, we can find that how 

feedback can give rise to complexity even in linear systems 

and as such neither non-linear nor linear dynamics are 

essential to the study of Complex systems. Black Hole 

information paradox is an extremely complex theoretic 

problem and there are some fine theories like String Theory 

which offer us a unique perspective to derive solutions to 

problem like that. According to C. Vafa and Andrew 

Strominger, certain String-theoretic states have the power to 

preserve and store all information, while others have the 

power of letting the information leak away (Vafa & 

Strominger, 1996). There are various outcomes or solutions to 

the problem of Information Paradox which include 

possibilities like Black hole destroying information forever 

(Preskill, 1992, Do Black Holes Destroy Information?), 

information leaking out gradually from Black Hole (Preskill, 

1992), information suddenly escaping from the final stages of 

black holes evaporation, information getting stored in a 

Planck-sized remnant and information passing from one 

universe to another etc. All these can form very interesting 

ideas for simulation. Black holes themselves are thought to be 

perfect simulators which Holographically stores information 

about higher dimensional complex interior states on their 

lower-dimensional surfaces and for encoding purposes they 

use zero-wavelength soft photons or soft gravitons for 

Supertranslation of information states.  

 

 

(Image Credit: https://resonance.is/wp-

content/uploads/2014/01/black-hole-cell.jpg). 

 

Physicist Juan Maldacena showed that a duality between a 

gauge theory defined on a 4-dimensional boundary (three 
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space dimensions and one time dimension) and a 5-

dimensional region (four space dimensions and one time 

dimension) is possible in the context of the Anti-De Sitter 

space (spacetime with a negative curvature).  This 

correspondence has something to do with the entropy (or 

disorder) of a black hole which is generally thought to be 

proportional to the surface area of the black hole, not its 

volume and as such a holographic correspondence between 

these two theories is considered a particular solution of 

quantum gravity (Maldacena, 1997). Here too simulations of 

higher dimensional black holes can yield invaluable insights. 

Brown et al. states that, “In the context of AdS =CFT duality, 

the conjecture has taken a fairly concrete form: the volume of 

a certain maximal spacelike slice, which extends into the 

black hole interior, is proportional to the computational 

complexity of the instantaneous boundary conformal field 

theory (CFT) state” (Brown et al., 2016). Ads-CFT 

correspondence thus can be described as a bijection between 

theories of gravity and quantum fields. From the perspective 

of ADS-CFT theory, exponentially increasing computational 

powers are required to simulate the late-time dynamics of 

complex and high-energy objects like black hole interiors and 

here it goes beyond the complexity captured by entanglement 

entropy (Galloway, 1999). In the light of String Theory one of 

the most important aspects of black hole complexity worthy 

enough of being simulated is the increasing of complexity in 

black hole interior. Black holes can be described as some 

enormous collection of many D-Branes. When N D-branes 

come together, the positions of the branes assume the form 

of N x N matrices. So N D-branes are described by 

by N2 numbers and the dynamics of these N2 variables is 

governed by a gauge theory. When large number of D-branes 

come together, the number of possible ways to arrange them 

also increases very fast and grows exponentially in N2 manner 

(Witten, 1998). 

 A large number of D-branes is massive enough to warp the 

fabric of spacetime around them and thus they mimic the 

effects produced by a classical black hole; in fact large 

ensemble of D-branes can indeed be thought of as a black 

hole. So exciting those N2 degrees of freedom is must if we 

want to find how a black hole forms.  Now we need a gauge 

theory of the N x N matrices to properly describe 

these N2 degrees of freedom as these degrees of freedom or 

information states produce a highly entangled state that are 

beyond the scope of any ordinary differential equations to 

describe. Gauge theory obeys the general rules of the quantum 

mechanics and it stays on the point in spacetime where the 

branes are located (Barcelo, 2016). 

In string theory, whether we want to use gauge theory to 

describe the whole region around black hole in which case the 

black hole looks like a point from very far away or we want to 

describe the spacetime region itself of the black hole – these 

two descriptions are equivalent to each other. If we view the 

black hole from very far away, it looks like a point—that is 

why the matrices live at a point. On the other hand, the 

matrices also give rise to the whole spacetime region around 

the horizon of the black hole. This is the so-called 

gauge/gravity correspondence also known as ADS/CFT 

(Hubeny, 2014). Here spacetime emerges holographically in a 

dynamic manner from quantum mechanical description that is 

located in a smaller number of dimensions than the bulk of the 

spacetime which comprises of the black hole itself. 

 

(Image Credit: https://resonance.is/wp-

content/uploads/2014/01/Holographic-diagram.jpg). 

There are areas of research like then relation between 

Margolus-Levitin Bound on the theoretical upper limit on the 

number of operations that can be performed in a second and 

the dynamics of black hole and also its computational 

complexity. Direct observation can never be performed in 

these areas and as such Simulation of black holes as quantum 

computationally complex objects is of utmost importance.  

2. No-Singularity/White Hole Simulation: InBoyer-

Lindquist co-ordinates, the outer radius of a black 

hole can be stated to be . In 

thisequation M is the mass of the black hole, c the speed of 

light, G the Newton’s gravitational constant and ‘a’ the 

dimensionless spin parameter (angular momentum per unit 

mass) of the black hole. Here, for | a| >1, there will be no 

Event Horizon for the collapsed object and so a naked 

Singularity will form which is different from a black hole. In 

addition, a = 0 corresponds to the Schwarzschild black hole 

which does not spin. Naturally the existence of the Kerr 

metric in the Universe can be proven if we successfully 

predict ‘a’ of black holes from observed data. Another 

interesting possibility that theories like Loop Quantum 

Gravity and String Theories have offered to us is the 

possibility of eliminating Singularities. Understanding the fate 

of the central singularity in the black holes is a very important 

question and various kinds of quantum gravitational 

simulations can go a long way in resolving this dilemma or 

paradox of singularity. During the final stage of the 

gravitational collapse non-perturbative quantum gravitational 

effects become enormously important and they can change the 

state of classical singularity in more than one way. Already 

researchers have simulated five-dimensional ring-shaped 

black hole which is proposed to have broken the framework of 

general relativistic description of classic singularity. Using the 

COSMOS supercomputer to perform a full simulation of 

General relativity in higher dimensions, the researchers found 

out that sometimes instead of staying hidden within the Event 

Horizon, in case of a ‘black ring’ it can become unstable and 

can break off to give birth to naked singularity. Various forms 

of new simulation techniques and computer codes were 

required to handle these bizarre shapes.   

 Simulations can give us a full knowledge of the quantum 

gravitational effects which modifies the dynamical collapse of 

an astrophysical object. Schwarzschild and other spherically 

symmetric spacetimes can be quantized using techniques like 

https://resonance.is/wp-content/uploads/2014/01/Holographic-diagram.jpg
https://resonance.is/wp-content/uploads/2014/01/Holographic-diagram.jpg
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loop quantum gravity thus giving birth toa non-singular 

object. The resolution of singularity in loop quantized 

spacetimes is a major idea which needs to be simulated in an 

even more precise manner using smart techniques and new 

codes to gain insight into the underlying quantum geometry 

encoded in the spacetime constraints. 

 One of the interesting aspects of Chaos Theory is its ability to 

offer new ways of envisaging the dynamics of a phenomenon 

as is evident in ideas like Fractal in the form of a Strange 

Attractor which can be described either as an infinite set of 

unconnected points, or a smooth curve containing some 

mathematical discontinuities, or a highly discontinuous but 

fully connected curve. So in the framework of Loop Quantum 

and String Theories there are ways that Singularities can be 

avoided and can give Singularity shape like Fractal strange 

attractor. In fact Superstring Theorists posit that instead of 

some infinite spacetime curvature due to an infinitely intense 

gravitational field from a region of zero volume, the entire 

region within the hole’s event horizon can be described as a 

bundle of strings which are the fundamental building blocks 

of mass and energy and here extra dimensions stay 

compactified and interwoven in the quantum foam. So black 

holes though are simple beasts from exterior yet are highly 

chaotic and dynamical objects when analyzed closely. 

Theories predict that when loop quantum gravity is applied to 

the birth of the universe upon reaching the big bang, no 

singularity is formed – instead a “quantum bridge” or tunnel 

opens out from the point of unimaginable but not infinite 

density into another older universe. This forms the basis of 

Big Bounce too. So simulation of this condition can provide 

us with unique insight into the dynamics of evolution of Black 

Hole with the Schwarzschild-type singularities as well as 

Friedman-Lemaˆıtre-Robertson-Walker (FLRW) universes 

with the Big Bang singularity. When extreme gravitational 

attraction is produced by matter reaching densities of some 

10^94 gms/cc near the big bang, quantum gravitational effects 

can become important. While applying LQG to Big Bang, 

non-perturbative quantum geometry corrections are 

‘repulsive’, and while they are negligible under normal 

conditions, these corrections dominate when curvature 

approaches the Planck scale and can overwhelm and even halt 

the collapse that would have led to a singularity. In case of the 

stellar collapse a type of repulsive force arises when the core 

approaches a critical density the origin of which force is in the 

Fermi-Dirac statistics which acts to halt the collapse and leads 

to white dwarfs and neutron stars. When the star reaches mass 

more than 5 Solar Mass however the enormous mass leads to 

inevitable collapse and no repulsive effects can halt it. From 

the point-of-view of LQC we see that a new repulsive force 

associated with the quantum nature of geometry and is able to 

prevent the formation of singularities. So the possibilities and 

windows of opportunities for the application of simulation are 

endless. Another important theoretical construct which needs 

to be simulated with utmost rigor and precision is application 

of the Einstein-Cartan or Einstein-Cartan-Sciama-Kibble 

(ECSK) theory of gravity to the mass of a collapsing object. 

According to the theory of Relativistic quantum mechanics 

the fermions, described by the Dirac equation, have the 

intrinsic angular momentum or spin.  “At extremely high 

densities existing in black holes and in the very early 

Universe, the minimal spinor-torsion coupling manifests itself 

as gravitational repulsion, which avoids the formation of 

singularities from fermionic matter” (Poplawski, 2014). The 

contraction of the Universe before the big bounce corresponds 

to the gravitational collapse of a new black hole in a new 

Universe and the interior of the black hole after the formation 

of an Event Horizon becomes more like a new, closed 

Universe which under the light of ADS=CFT correspondence 

can be thought of as the 3 Dimensional analogue of a 2 

Dimensional spherical surface. So our Universe can be the 

interior of a Black Hole existing in another universe and as 

such a part of a greater ensemble of universes or Multiverse. 

So with powerful simulations we can test the validity of such 

exotic propositions since direct or indirect evidence is hard to 

gather at present. In fact by carefully observing the 

simulations we can always know about the most probable 

indirect evidences that such a phenomenon might produce in 

our observable universe. Related to the field of Black Hole 

Cosmology simulation can be preformed to falsify or verify 

the possibility of even more exotic theories which connect 

black holes and Multiverse. Lee Smolin’s Cosmological 

Natural Selection is one such proposition. According to 

Smolin’s conjecture our own universe is only one in a much 

larger cosmos (the Multiverse) an ensemble of universes, each 

one being born as a result of some bounce following the 

formation of a black hole. In course of evolution and growth 

of the universe, the values of the free parameters of the 

physical laws are reprocessed and slightly changed. This leads 

to the idea that in Universes where black holes are produced 

in greater numbers have grater fecundity and thus can give 

birth to more new baby universes is the core idea behind the 

evolutionary picture of the Multiverse. So the parameters in 

our Universe have been fine-tuned for giving birth to 

maximum number of black holes which in turn viap rocesses 

like bounce at the singularity would be able to produce new 

expanding regions of spacetime. The values of the parameters 

lead to a (local) maximum of descendant universes. Also 

interesting would be to run simulations of theories related to 

the consequences of inflationary instabilities in the inner 

horizon of an astronomical, rotating black holes. Physicist 

Andre J. S. Hamilton believes that mass inflation instabilities 

act like a gravity-powered particle accelerator of 

unimaginably high power. It accelerates accreted streams of 

particles along the principal outgoing and ingoing null 

directions at the inner horizon to collision energies that could 

in principle even exceed the Planck energy. The inflationary 

instability is fueled by ongoing accretion as is evident in the 

activities of Quasars, Blazars and WISE Hot DOGs. This so-

called Black Hole Particle Accelerator, has the capability to 

produce new universes. So if Smolin’s Fecund universe  

hypothesis is correct then our universe should have to be fine-

tuned towards producing maximum number of Supermassive 

Black Holes, since particle collisions are most numerous 

inside these black holes. Our own Universe can be connected 

to the older universe where the parent black hole resides via 

some Eisntein-Rosen bridge and as such can form a 

Wormhole. Also our universe’s time arrow might have been 

acquired from the time-assymetric accretion of matter into the 

black hole through event horizon from the mother universe. 

Another interesting possibility is a black hole’s transition to a 
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white hole and let us takea lookat the Finklestein diagram of a 

black hole to white hole transition: 

Image: A Finkelstein diagram for BH to WH transition. 

 

 

Image: Penrose Diagrams of the formation of exotic compact 

objects from gravitational collapse 

 

Image: Penrose Mass-Inflation Diagram of Black Hole 

Interior (Image Credit: 

https://jila.colorado.edu/~ajsh/insidebh/penrose_massinflation

_rev.gif). 

Simulation of a black hole to white hole transition should start 

with some investigation of simple analytical toy models in 

quantum gravity in hope that perhaps these simulations then 

could provide some precious information about the general 

features that only a complete quantum gravity theory could 

give. Simulations can tell us whether the view that quantum 

effects will become important at the end of the collapse of the 

massive object and generate repulsive pressures sufficient to 

counteract the gravitational attraction, thereby avoiding the 

singularity is correct. Simulations can tell us about the nature 

of the end-product of this dynamical process of collapse - 

collapse may stop before the formation of the event horizon, 

leaving behind an exotic compact object. In another scenario 

the collapsing matter could eventually bounce thus leading to 

a phase of re-expansion following collapse. In the latter case 

the re-expansion might still leave a black hole remnant for 

distant observes or could trigger a transition of the black hole 

horizon to a white hole horizon. So simulations involving 

dynamical scenarios where static Schwarzschild black hole 

solution is being modified by the introduction of quantum 

effects should be performed using novel codes in different 

frameworks.  In Simulations we can gain insight into the 

workings of the effective energy-momentum tensor derived 

from quantum corrections which can change the metric of the 

interior spacetime of a black hole. While constructing models 

for singularity-free black holes it is found that black holes 

often turn into white holes and allow an exit into a second 

space-time region and the second spacetime region remains 

causally disconnected from the first. In Hal M. Haggard and 

Carlo Rovelli’s paper “Black hole fireworks: quantum-gravity 

effects outside the horizon spark black to white hole 

tunneling” we get a vivid picture of this black turning into 

white hole phenomena. In the paper ‘Out of The White Hole’ 

Afshordi, Pourhasan and Robert Mann have considered the 

possibility of emergence of Universe Holographically from a 

White Hole. They see Universe emerging as a 3-Brane out of 

the formation of a 5d Schwarzschild black hole. This is a 

highly abstract and complex, theoretic problem on which only 

a powerful simulation can shed enough light to reveal all its 

implications. In the “Brane World” scenario, the brane refers 

to our 4 Dimensional Universe which in turn is embedded in a 

bulk space-time with 5 or more dimensions, and only 

gravitational forces leak out in those dimensions. This Brane 

can be considered to be a (3+1) Dimensional Holographic 

Image with (4+1)-dimensional background Schwarzchild 

geometry. 

 

Here,  is the metric of unit-3 sphere. We can say that 

simulating black holes’ evolution can even open the doors 

towards learning about higher dimensional universe.  

https://jila.colorado.edu/~ajsh/insidebh/penrose_massinflation_rev.gif
https://jila.colorado.edu/~ajsh/insidebh/penrose_massinflation_rev.gif
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A Holographic universe actually can emerge out from the 

pressure singularity during the radiation-dominated era and it 

has to pass through the white hole horizon at some special 

point. The Red plane represents the Pressure Singularity while 

the Green plane indicates the point where our Brane leaves the 

White Hole horizon. 

In fact while simulating such ideas we are transforming 

ourselves as nested-simulations in which our own simulations 

form part of a bigger and more comprehensive simulation - 

our entire Universe itself.  

 

CONCLUSION 

We would like to conclude our study by stating that 

simulation itself should be viewed as a highly dynamical and 

complex process and it is best suited for studying one of the 

most fascinating and complex objects that physicists know of, 

i.e., the black holes. More and more projects like OpenScience 

projects should be initiated which encourage computational 

scientists to make their codes publicly accessible to everyone. 

With increasing complexity of simulation methods their 

numerical methods have to become more nuanced and 

complex. So astronomers can often put in some initial data 

and get some output dataset without knowing whether it was a 

real or a spurious effect. This is like the Black Box abstraction 

in Systems Theory where only the stimuli inputs and output 

reactions can be know and not the actual processes or inner 

mechanism of the Black Box itself. The challenges are many 

but the fact that simulations are and will continue to play an 

important role in Computational Astrophysics is beyond 

doubt.  
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