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                    Abstract
We present our AstroSat soft X-ray observations of a compact binary system, AR Sco, and analysis of its X-ray observations with Chandra that were taken only about a week before the AstroSat observations. An analysis of the soft X-ray (0.3–2.0 keV) data limits the modulation of the spin, orbital, or beat periods to less than 0.03 counts s\(^{-1}\) or <10% of the average count rate. The X-ray flux obtained from both observatories is found to be almost identical (within a few percent) in flux, and about 30% lower than reported from the nine months older observations with XMM-Newton. A two-temperature thermal plasma model with the same spectral parameters fit Chandra and AstroSat data very well, and requires very little absorption in the line of sight to the source. The low-temperature component has the same temperature (\(\sim \)1 keV) as reported earlier, but the high-temperature component has a lower temperature of 5.0\(^{+0.8}_{-0.7}\) keV as compared to 8.0 keV measured earlier, however, the difference is not statistically significant.
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Appendix A
Appendix A
Arthur Schuster (1905) introduced the periodogram near the beginning of the 20th century and this algorithmic technique has been discussed by many authors since that time; including Lomb (1976) and Scargle (1982) for which the Lomb–Scargle algorithm is known by the astronomical community. The periodogram \(C(\omega )\) is defined as the squared magnitude of the discrete Fourier transform of the data \(D = {d_1, d_2,\ldots , d_N}\):
$$\begin{aligned} C(\omega ) = \frac{1}{N} [R(\omega )^2 + I(\omega )^2] = \frac{1}{N}\Bigg |\sum _{j=1}^N d_j \mathrm{e}^{iwt_j}\Bigg |^2 , \end{aligned}$$

                    (A1)
                

where
$$\begin{aligned} R(\omega ) = \sum _{i=1}^N d_i \cos (\omega t_i) \end{aligned}$$

                    (A2)
                

and
$$\begin{aligned} I(\omega ) = \sum _{i=1}^N d_i \sin (\omega t_i) . \end{aligned}$$

                    (A3)
                

A generalization of the periodogram for any time series function was derived using Bayesian principles by Bretthorst in his Ph.D. thesis (1988). The monograph is available for free download at https://bayes.wustl.edu/glb/book.pdf. The following is a brief presentation of Chapters 3 and 4, ‘The General Model Equation Plus Noise’. In the most general model, the hypothesis H is
$$\begin{aligned} H \equiv f(t) = \sum _{j=1}^m B_j G_j(t, \lbrace \omega \rbrace ), \end{aligned}$$

                    (A4)
                

where f(t) is some analytic expression of the time series, \(G_j(t, \{\omega \})\) is a particular model function, \(B_j\) is the amplitude of the model, and \(\{\omega \}\) is a set of parameters (in our case, frequencies). The Bayesian likelihood function for data D is
$$\begin{aligned} L(\{B\},\{\omega \},\sigma ) \propto \sigma ^{-N} \exp \Bigg \lbrace -\frac{NQ}{2\sigma ^2} \Bigg \rbrace , \end{aligned}$$

                    (A5)
                

where
$$\begin{aligned}&Q \equiv \overline{d^2} - \frac{2}{N} \sum _{j=1}^m \sum _{i=1}^N B_j d_i G_j(t_i) + \frac{1}{N} \sum _{j=1}^m \sum _{k=1}^m g_{jk} B_j B_k , \end{aligned}$$

                    (A6)
                

$$\begin{aligned}&\quad g_{jk} = \sum _{i=1}^N G_j(t_i) G_k(t_i) , \end{aligned}$$

                    (A7)
                

and \(\sigma \) is the standard deviation of the noise. Q is an \(m \times m\) matrix that can be orthogonalized, resulting in a set of eigenvectors of the likelihood equation. Therefore f(t) can be written in terms of a set of othonormal functions:
$$\begin{aligned} f(t) = \sum _{k=1}^m A_k H_k(t) , \end{aligned}$$

                    (A8)
                

where
$$\begin{aligned} A_k= & {} \sqrt{\lambda _k} \sum _{j=1}^m B_j e_{kj} , \end{aligned}$$

                    (A9)
                

$$\begin{aligned} B_k= & {} \sum _{j=1}^m \frac{A_j e_{jk}}{\sqrt{\lambda _j}} \end{aligned}$$

                    (A10)
                

and
$$\begin{aligned} H_j(t) = \frac{1}{\sqrt{\lambda _j}} \sum _{k=1}^m e_{jk} G_k(t) . \end{aligned}$$

                    (A11)
                

A change of functions (A6) and variables (A8) gives the joint likelihood of the new parameters
$$\begin{aligned} L(\} \rbrace ,\lbrace \omega \rbrace ,\sigma ) \propto \sigma ^{-N} \exp \Bigg \lbrace -\frac{N}{2\sigma ^2} \Bigg [\overline{d^2} - \frac{2}{N} \sum _{j=1}^m A_j h_j + \frac{1}{N} \sum _{j=1}^m A_j^2\Bigg ]\Bigg \rbrace , \end{aligned}$$

                    (A12)
                

where
$$\begin{aligned} h_j \equiv \sum _{i=1}^N d_i H_j(t_i), (1 \le j \le m) . \end{aligned}$$

                    (A13)
                

\(h_j\) is the projection of the data onto the orthonormal model function \(H_j\). Because we have no knowledge of the amplitudes \(A_j\), they need to be marginalized, or integrated out, by performing j integrations, which gives the likelihood
$$\begin{aligned} L(\lbrace \omega \rbrace ,\sigma ) \propto \sigma ^{-N+m} \exp \Bigg \lbrace -\frac{N \overline{d^2} - m \overline{h^2}}{2\sigma ^2} \Bigg \rbrace , \end{aligned}$$

                    (A14)
                

where
$$\begin{aligned} \overline{d^2} \equiv \frac{1}{N} \sum _{i=1}^N d_i^2 \end{aligned}$$

                    (A15)
                

and
$$\begin{aligned} \overline{h^2} \equiv \frac{1}{m} \sum _{j=1}^m h_j^2 . \end{aligned}$$

                    (A16)
                

If \(\sigma \) is unknown, then it’s considered a nuisance parameter and can be eliminated by integrating over all values using the Jeffreys prior \(1/\sigma \). This gives an expression for the probability of the form of the “Student t-distribution”:
$$\begin{aligned} P(\lbrace \omega \rbrace |D,I) \propto \Bigg [1 - \frac{m \overline{h^2}}{N \overline{d^2}}\Bigg ]^\frac{m-N}{2} . \end{aligned}$$

                    (A17)
                

Although \(\lbrace A \rbrace \) and \(\sigma \) are described as nuisance parameters when deriving the likelihood of the frequency parameters, they are actually of some interest. Bretthorst shows in Chapter 4 that the first posterior moments, i.e., the expected amplitudes are
$$\begin{aligned} \langle A_j \rangle = h_j , \end{aligned}$$

                    (A18)
                

the second posterior moments are
$$\begin{aligned} \langle A_j A_k \rangle = h_j j_k + \sigma ^2 \delta _{jk} , \end{aligned}$$

                    (A19)
                

the noise variance is
$$\begin{aligned} \langle \sigma ^2 \rangle = \frac{1}{N - m -2} \Bigg [ \sum _{i=1}^N d_i^2 - \sum _{j=1}^m h_j^2 \Bigg ] , \end{aligned}$$

                    (A20)
                

and the signal-to-noise ratio is
$$ \frac{{{\text{Signal}}}}{{{\text{Noise}}}} = \left\{ {\frac{m}{N}\left[ {1 + \frac{{\overline{{h^{2} }} }}{{\sigma ^{2} }}} \right]} \right\}^{{\frac{1}{2}}} . $$

                    (A21)
                



Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Singh, K.P., Girish, V., Tiwari, J. et al. Observations of AR Sco with Chandra and AstroSat soft X-ray telescope.
                    J Astrophys Astron 42, 83 (2021). https://doi.org/10.1007/s12036-021-09756-w
Download citation
	Received: 05 November 2020

	Accepted: 16 April 2021

	Published: 24 July 2021

	DOI: https://doi.org/10.1007/s12036-021-09756-w


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


Keywords
	Stars: individual: AR Sco
	X-rays: binaries: novae, cataclysmic variables
	white dwarfs








                    
                

            

            
                
                    

                    
                        
                            
    
        
            
                Associated Content

                
                    
                        
                        Part of a collection:

                        
                        
                            AstroSat: Five Years in Orbit
                        

                    

                
            

        
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					54.174.142.103
				

				Not affiliated

			

		
	
	
		
			[image: Springer Nature]
		
	
	© 2024 Springer Nature




	






    