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1. GRBs Phenomena: a Serendipitous Discovery 
 

2.  A brief Introduction to Singular Spectrum Analysis 
and  Theory of Chaos 

 
 

3. GRBs from Serendipity to Deterministic Chaos: 
Swift and BeppoSAX Data Analysis 

 
 Conclusion and Future Work  
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 First Detected Gamma-Ray Burst 
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Vela Satellite Results: 
73 Bursts in Gamma-Rays  

over 10 years. 
Not from the Earth or the Sun 

-not weapons tests- 



 

 
By 1992, over 100 models  Existed! 
 

                    Three Main Idea 
Gamma-Ray Bursts in the Solar System 
Gamma-Ray Bursts in the Milky Way 
Extragalactic Models 
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X-ray afterglow 

Optical Afterglow 

X-ray counterpart discovered   
with corresponding optical 

localization! 
 

Host Galaxy observed 
with  a redshift of 0.695. 

Host galaxy 

BeppoSax Mission 



“When you have seen one GRB, you have seen one GRB” 
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The prompt γ-ray emissions 
from GRBs exhibit a vast range 

of extremely complex 
temporal behaviors and any 
morphological classification 

scheme appears to be neither 
comprehensive nor 

systematic.  
 

Power density spectra (PDSs) 
shows a power law with a 

slope α =  -5/3. 
No significant coherent signal 

and it is dominated  
by red noise  
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This may shed new light on the internal engine 
 that powers the GRBs 

 



This property makes the SSA a very effective statistical method in the decomposition 
of the original time series into a defined number of independent and 
interpretable components, e.g. low-frequency trend, anharmonic oscillatory 
components, periodicities with varying amplitudes, or structureless noise. It 
permits to separate signal from noise even if the Signal-to-Noise level varies 
when recording the original time series – a typical feature of GRBs' prompt 
emissions. 

 

 

SSA  is a standard tool in the analysis of meteorological and  
geophysical time series  

(Vautard & Ghil 1989; Ghil & Vautard, 1991; You et al., 1996)  

 

The Singular Spectrum Analysis belongs to the class of methods which  use 
orthogonal functions, allegedly more efficient because  calculated on the basis 

of data rather than on the basis of a fixed selected base as in Fourier and 
Wavelet Transforms. 
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 Separability plays an important role in the SSA 

         To check  separability 
We build the correlation matrix   
between each component 

Noise 

Signal 

The separation between 
signal and  noise is clear in 
GRB 050117; r=0.007…….   

 …. but the astrophysical souces are affected by red noise 
For red noise we need an additional test to distinguish signal from such noise 



Allen, M. R. and Smith, L. A. Monte Carlo SSA: detecting irregular oscillations in the presence of 
coloured noise. J. Climate. 9, 3373–3404 (1996). 
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When dealing with red-noise, a first-order 
autoregressive process is usually considered: AR(1), 
given by  xt = φxt-1+εt with 0<φ<1 and εt independent 
identically  distributed normal errors. 
 
Using the Monte Carlo SSA test, we estimate the  
parameters of the AR(1)  by using  a maximum-likelihood  
criterion. For instance, if an eigenvalue λL lies outside  
a 99% noise percentile, then the red-noise null 
hypothesis can be rejected with this confidence. 
Otherwise, that particular SSA component of the time 
series cannot be considered as significantly different  
from red-noise. 

The main idea is to compare the shape  of SSA spectrum with a red-noise estimation 

Red-noise 

SSA Shape spectrum 

Red noise simulation:  
no components ouside the error bars 
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We identify the low-frequency trend component 
by using kendall test in SSA Spectra 

We identify deterministic components outside 
the red-noise estimation in Monte Carlo SSA 

red noise 
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Based on the theorem of Takens we reconstruct  the phase space  
of a dynamical system from one -dimensional time series. 

 
The reconstruction preserves the essential properties of the dynamical system:  

topological structure of the attractor like the Correlation Dimension and Lyapunov exponents 
- next slides- 
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Periodic Attractor 

Chaotic Attractor 

We analyze the spatial structure 
of the dynamical system by 

plotting m-dimensional  
vectors at regular time interval 

 
m-dimention generally referred 

to as embedding dimension 
 



We de-noising the phase space 
of GRB 050117 by using SSA: 

 We discover a well-defined “strange”attractor   
hidden in a large quantity of noise 
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We subtract the noise components 
as shown in MC-SSA Spectra 



Chaos theory studies the behavior of 
dynamical systems that are highly 
sensitive to initial conditions, an effect 
which is popularly referred to as the 
butterfly effect . 

Does the Flap of a Butterfly's Wings in Brazil set off a Tornado in Texas ?  
Edward Lorenz, American Association for the Advancement of Science in Washington, D.C  
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An important feature of chaotic systems is the exponential growth of the distance 
between trajectories initially very close (sensitivity to initial conditions). The 

parameter used to measure such growth rate is the maximum Lyapunov exponent 
λmax. A positive value of λmax indicates the sensitivity to initial conditions, 

typical hallmark of chaos.  



In chaos theory, the correlation dimension (D2) is a measure of the dimensionality of the space 
occupied by a set of random points. 

 
The estimation of D2 gives the minimum number of variables necessary to describe the state of 

the system, at any given time. 
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. A non-integer result for the correlation dimension indicates the fractality of the system 

White noise 

GRBs 



• The use of the advanced spectral method of the SSA, together with the 
classical tools provided for in the Theory of Chaos, proved largely 
successful in the analysis of the complex morphological structure of the 
prompt emissions from GRBs.  
 

• Despite the extremely complicated and random profile of the prompt γ-
ray signals, we found a well-defined strange attractor. This implies that 
the nature of the prompt time variability is not purely stochastic. Rather, 
similar inherent physical processes appear to take place during the entire 
dynamic evolution of GRB explosions. Evidence was found of a fractal (D2 
≈ 2.4 and D2 ≈ 2.8) and chaotic nature (λmax = 0.0089±0.0007 and λmax = 
0.0102±0.0005) of the GRB attractors. 
 

• The presence of a low-dimension chaotic dynamics allow us to simplify 
the descriptive theory of GRB prompt mechanisms, as well as, to test 
and constrain the different theoretical scenarios. 
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