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Abstract

:

In these proceedings, we summarise the exploration so far of the relationship between the afterglow luminosity (measured at rest frame 200s;    log    L  200 s     ) and average afterglow decay rate (measured from rest frame 200s onwards,    α  > 200 s    ) of long duration Gamma-ray Bursts (GRBs), first reported in the optical/UV light curves of GRB afterglows. We show that this correlation is also present in the X-ray afterglows of GRBs as observed by Swift-XRT. We explore how the parameters of the correlation observed in both the X-ray and optical/UV light curves relate to each other and the prompt emission phase and whether these correlations are consistent with predictions of the standard afterglow model. We find that the observed correlations are consistent with a common underlying physical mechanism producing GRBs and their afterglows regardless of the detailed temporal behaviour. However, a basic afterglow model has difficulty explaining all the observed correlations. This leads us to briefly discuss alternative more complex models.
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1. Introduction


Statistical investigations of large samples of Gamma-ray bursts (GRBs) aim to find common characteristics and correlations that link individual events and therefore provide insight into the mechanisms common to GRBs. The luminosity distribution of GRB afterglow light curves is clustered and appears to be wider at early times and narrows as the afterglows fade. This points towards the brightest GRB afterglows decaying more quickly than the less luminous afterglows. In [1], we explored this hypothesis using a sample of optical/UV light curves. We tested for a correlation between logarithmic brightness (measured at rest frame 200s),    log    L  200 s      and average decay rate of GRB afterglows (measured from rest frame 200s onwards),    α  > 200 s    . A Spearman rank correlation gave a coefficient of −0.58 at a significance of 4.2σ ([1]). Thus confirming our observation that the brightest GRB afterglows, at least in the optical/UV, decay more quickly than the less luminous afterglows.



In this conference proceeding, we summarize work presented in [2,3] on the exploration of this luminosity–decay correlation. We first show that the luminosity–decay correlation is also observed in the X-rays. We discuss whether the correlation we observe in the X-rays is affected by the morphology of the light curves [4,5,6], which tends to be more complex than the optical/UV. We also explore how the optical/UV and X-ray correlation parameters relate to the prompt emission phase and determine whether our sample results in correlations consistent with those predicted by the standard afterglow model using a Monte Carlo simulation.



To test for the correlation in the X-rays, we collate luminosity light curves from all GRBs discovered by Swift-BAT with X-ray afterglows detected by Swift-XRT and measured redshifts, discovered between December 2004 and March 2014; further details on sample selection can be found in [2]. There are 280 GRBs in our sample that fit these criteria. When comparing the parameters from the optical/UV and X-ray light curves, we use the sample of 48 GRBs used by [3].



For each GRB, we interpolated the optical light curves between rest frame 100 and 2000s to obtain the optical luminosity at rest frame 200s and for the X-ray we measured the luminosity at rest frame 200s from the best fit light curve model. To obtain the average decay rate, we fit a single power-law to each optical and X-ray light curve using data from rest frame 200s onwards. To determine the degree of correlation and the relationship between these and other parameters, we use both Spearman rank correlation and linear regression. All uncertainties throughout these proceedings are quoted at 1σ. The flux density is expressed throughout this proceeding as    F  ( t , ν )  ∝  t α   ν β    , where α and β are the temporal and spectral indices respectively, except for Figure 1 and Figure 2, where we use the absolute values of these indices. Throughout, we assume the Hubble parameter     H 0  = 70     km s   − 1       Mpc   − 1      and density parameters     Ω Λ  = 0.7    and     Ω m  = 0.3   .




2. Results


2.1. X-Ray Afterglow    Log    L  200 s   −  α  > 200 s      Correlation


In the left hand panel of Figure 1, using the sample of 280 X-ray afterglows, we show evidence for a correlation between    log    L  X , 200 s   −  α  X , > 200 s     , although there is much scatter. Some of the scatter is likely due to the sample consisting of both long and short GRBs, some of the X-ray afterglows may be contaminated by a steep decay which affects both the luminosity and average decay index, and X-ray flares may be present which may also affect the average decay index. Steep decays and flares are likely produced by the prompt emission rather than the afterglow. For GRBs where the prompt emission contaminates the light curve, we re-computed the average decay index using only data beyond rest frame 200s that is not dominated by the steep decay and we also exclude flaring episodes. We also recomputed the luminosity at rest frame 200s to get a better estimate of the afterglow brightness at this time by extrapolating the decay index of the segment closest to rest frame 200s from the best fit afterglow model (see [2] for further details).



After correcting for steep decay contamination, flares and filtering on long duration GRBs the final correlation is presented in the right panel of Figure 1. Much of the scatter in the correlation has been reduced.



Since there is a correlation between the time and flux of the end of the X-ray plateau [7,8], which could be the dominating factor in the luminosity–decay correlation, we test the effect of X-ray plateaus by separating our sample into those light curves that show plateau behavior (defined as containing segment II in criteria set by [9]), and those that do not show clear plateaus. Figure 2 demonstrates that the average decay-luminosity correlation is significant in both the sample with and without plateaus. This suggests that the presence of a plateau is not necessarily solely responsible for regulating the average afterglow decay.




2.2. Comparison of Optical/UV, X-Ray and Prompt Emission


In Table 1, we show the results of correlations comparing the X-ray and optical/UV    log    L  200 s   −  α  > 200 s      correlation parameters for the reduced sample of 48 GRBs. There is a strong correlation between the luminosities of the two bands and also their average decay indices are strongly correlated. Also, we see that the    log    L  200 s   −  α  > 200 s      correlations are consistent within    1 σ   . In Table 1, we also provide the relationships derived when swapping the X-ray and optical/UV luminosity decay parameters, i.e.,    log    L  O , 200 s      versus    α  X , > 200 s     and    log    L  X , 200 s      versus    α  O , > 200 s    . The fact that significant correlations are found even when mixing decay and luminosity parameters between the optical/UV and X-ray bands provides support to the luminosity–decay correlations.



We also show in Figure 3 these parameters in comparison with the prompt emission parameter    E iso   , isotropic energy. Correlations between afterglow luminosity and isotropic energy have been previously reported (e.g., [10,11,12]). For both the optical/UV and X-ray light curves, the linear regressions of the    log    L  200 s      and    log    E iso    , give consistent results within    1 σ    errors. The bottom two panels of Figure 3 display    log    E iso     against    α  O , > 200 s     and    α  X , > 200 s    . The linear regression for both the optical/UV and X-ray decay indices against    log    E iso     are consistent with each other and indicate correlations between the average decay indices and isotropic energy. This suggests that the more energetic the prompt emission, the faster the average decay of the X-ray and optical/UV afterglows.





3. Monte Carlo Simulation


The standard afterglow synchrotron model is currently the favoured scenario in terms of producing the observed X-ray-optical afterglow emission. In this model, the afterglow is a natural result of the collimated ejecta reaching the external medium and interacting with it, producing the observed synchrotron emission. The observed flux depends on the properties and environment of the GRB and there is usually more than one relationship to describe how two parameters are related (e.g., [13,14]). This therefore makes a simple analytic prediction of the expected relationships in a sample of observed parameters difficult to determine. We therefore use a Monte Carlo simulation to determine the expected relationships. We assume a basic isotropic, collimated outflow which is not energy injected and since we wish to consider a very simplistic model we do not consider the emission from the traditional reverse shock (e.g., [15]). We simulate the optical and X-ray    log    L  200 s      and    α  > 200 s     for a sample of 48 GRBs, which we repeat    10 4    times. To produce these values, we draw randomly on distributions of the fraction of energy given to the electrons,    ϵ e   ; the fraction of energy given to the magnetic field,    ϵ B   ; the density of the external medium (assuming constant density); the electron energy index, p; prompt emission energy,    E  iso    , efficiency η and redshift, z (see [3] for further details). For each simulated sample, we performed a linear regression and we also calculated the Spearman rank coefficient between several observable parameters. The predictions for the correlations are taken as the mean and the 1σ error from the distribution of results and are given in Table 2.




4. Discussion


Using a large sample of X-ray light curves, we find a correlation between    log    L  200 s      and    α  > 200 s    , which is in agreement with observations performed in the optical/UV using a smaller sample. This correlation is independent of the presence of the plateau phase implying that the average decay index is a useful measurement regardless of the details of the light curve morphology.



Using the full X-ray sample we test whether differences in the duration of afterglow observations could influence the luminosity-average decay correlation. These differences could be due to changes in observing strategy or dependent on the redshift (GRBs at high-z are fainter and therefore may be less likely to be observed at late times). We do not find evidence that these biases affect the luminosity-average decay correlation (see [2] for further detail).



Additionally, we compared the correlations observed in the optical/UV and the X-ray using a smaller sample of 48 GRBs and used a Monte Carlo simulation to predict the expected relationships from the standard afterglow model. With the observed sample, we find the linear regressions for the    log    L  200 s      and    α  > 200 s     X-ray and optical/UV correlations are consistent at    1 σ   . This suggests that the same mechanism is producing the relationship in both bands and that we can generally exclude models invoking different emission mechanisms to separately produce the X-ray and optical/UV afterglow. Comparing the linear regression parameters for the observed and simulated data, we find that the slopes and constant parameters are inconsistent at    4 σ   . This implies that correlations as strong as we observe, between    log    L  200 s      and    α  > 200 s    , are not expected in the standard afterglow model.



Comparing the optical and X-ray luminosities and decay indices that we find, and as predicted by the standard afterglow model, the brightest afterglows in the optical/UV are the brightest in the X-ray and there is a relationship between the average decay indices (Table 1). We find that both relationships, between the X-ray and optical/UV luminosities and the decay indices are consistent with the simulations.



The standard afterglow model predicts a relationship between the isotropic energy    E iso   , and the luminosity of the afterglow. However, our observed data (Figure 3 top panels) predict a Spearman rank correlation slightly stronger in comparison to that found for the simulation, with only 0.3% and 0.06% of the simulations having Spearman rank coefficients equal to or larger than that observed for the optical/UV and X-ray, respectively. This suggests that the observed relationships are slightly more tightly correlated than expected from the standard afterglow model. This is likely related to our choice of efficiency in the simulation. A wide range in efficiency is likely to introduce more scatter in the relationship between    log    E iso     and    log    L  200 s     . To explore what effect a narrower efficiency would have, we repeated our simulation with the efficiency parameter fixed at 0.1 and then again at 0.9. In both cases, we found the simulated Spearman rank correlation values were more consistent with those observed, suggesting that the observed sample has a relatively narrow range in efficiency. However, the slopes of the simulated and observed relationships remain inconsistent at    3 σ    when fixing the efficiency parameter.



In the observed sample, we also find relationships between    log    E iso     and the optical and X-ray decay indices (Figure 3 bottom panels). In the simulations, we find that only 0.01% predict a relationship the same or stronger than what we observe between    log    E iso     and    α  X , > 200 s     and 0.03% predict a similar or stronger relationship between    log    E iso     and    α  O , > 200 s    . This and linear equations inconsistent with simulations at    2.2 σ   , imply that these correlations are not predicted by the standard afterglow model. However, since we find correlations between    log    E iso    ,    α  > 200 s     and    log    L  200 s     , this suggests that what happens during the prompt phase has a direct effect on the afterglow.




5. Conclusions


We have shown, using a large sample of long GRB X-ray light curves, that there is an observed correlation between    log    L  X , 200 s      and    α  X , > 200 s    , which is in agreement with observations performed in the optical/UV using a smaller sample. In addition, we have shown that this correlation is not driven by the plateau phase observed in many X-ray afterglows, implying the importance of the average decay measure and its application to all GRB light curve morphologies. Using a smaller sample of 48 GRBs, we have found that the slopes of the    log    L  200 s   −  α  > 200 s      correlation in both bands is consistent within    1 σ   . We also show significant correlations between the X-ray and optical/UV luminosities (   log    L  O , 200 s     ,    log    L  X , 200 s     ) and the optical/UV and X-ray decay indices (   α  O , > 200 s     and    α  X , > 200 s    ) and correlations between these parameters and the isotropic energy (   log    E iso    ). All these correlations are consistent with the idea that there is a common underlying physical mechanism, producing GRBs and their afterglows regardless of their detailed temporal behaviour.



We explored the relationships between several afterglow and prompt emission parameters and compared these to those predicted with our Monte Carlo simulation in order to determine whether the observed correlations are consistent with those predicted by the standard afterglow model. We determined that relationships between the luminosities in both the X-ray and optical/UV bands, between the decay indices, and between the luminosities and the isotropic energy are predicted by the simulation of the standard afterglow model, although the slope of the relationships between luminosity and isotropic energy is steeper in the simulations than in the observed relationship. However, the observed relationship involving the average decay indices with either luminosity at 200s or the isotropic energy are not consistent with the simulations. This suggests that the observed relationships, for both the X-ray and optical/UV samples involving    α  > 200 s     are not expected in the standard afterglow model; we therefore suggest that a more complex afterglow or outflow model is required to produce all the observed correlations. This may be due to either a viewing angle effect or by some mechanism or physical property controlling the energy release within the outflow.
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Figure 1. (Left) using the full sample of X-ray light curves with no optimization, corrections or filtering; (Right) final: using the sample of X-ray light curves that includes steep decay and flare corrections and only long duration GRBs . The best fit regression parameters and their    1 σ    errors, and the Spearman rank coefficient, ρ, and associated probability, p, are given in each panel. The solid line indicates the best fit regression, and dashed lines indicate the    2 σ    deviation (Reproduction of Figures 1 and 7 from [2]). 
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Figure 2. Luminosity–decay correlation using the final sample of X-ray light curves split into those light curves that contain a plateau in their best fit (power-law) models and those that do not. The best fit regression parameters and their    1 σ    errors, and the Spearman rank coefficient, ρ, and associated probability, p, are given in each panel. The solid line indicates the best fit regression, and the dashed lines indicate the    2 σ    deviation (Reproduction of Figure 6 from [2]). 
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Figure 3. Top Left: The optical luminosity at rest frame 200s versus isotropic energy. Top Right: The X-ray luminosity at rest frame 200s versus isotropic energy. Bottom Left: The optical average decay index determined from rest frame 200s versus isotropic energy. Bottom Right: The X-ray average decay index determined from rest frame 200s versus isotropic energy. In all panels, the red solid line represents the best fit regression and the blue dashed line represents the 3σ deviation. In the top right corner of each panel, we give the Spearman rank coefficient, ρ, and corresponding null hypothesis probability, P, and we provide the best fit slope and constant determined by linear regression (Figure is a reproduction of Figure 2 from [3]). 






Figure 3. Top Left: The optical luminosity at rest frame 200s versus isotropic energy. Top Right: The X-ray luminosity at rest frame 200s versus isotropic energy. Bottom Left: The optical average decay index determined from rest frame 200s versus isotropic energy. Bottom Right: The X-ray average decay index determined from rest frame 200s versus isotropic energy. In all panels, the red solid line represents the best fit regression and the blue dashed line represents the 3σ deviation. In the top right corner of each panel, we give the Spearman rank coefficient, ρ, and corresponding null hypothesis probability, P, and we provide the best fit slope and constant determined by linear regression (Figure is a reproduction of Figure 2 from [3]).



[image: Galaxies 05 00004 g003]







[image: Table] 





Table 1. For each pair of parameters examined, this table provides the Spearman rank correlation coefficient with its associated null hypothesis; the slope and constant values provided by the best fit linear regression. For comparison with our Monte Carlo simulations in Section 3, we also provide the    1 σ    error of the Spearman rank coefficient (Adapted from Table 2 in [3]).
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Parameters

	
Spearman Rank

	
Null

	
—Best Fit Linear Regression—




	
  x  -axis

	
  y  -axis

	
Coefficient

	
Hypothesis

	
Slope

	
Constant






	
   log    L  O , 200 s     

	
   log    L  X , 200 s     

	
  0.81 (0.05)

	
5.26 × 10−12

	
  0.91 ± 0.22

	
  1.04 ± 6.94




	
   α  O , > 200 s    

	
   α  X , > 200 s    

	
  0.77 (0.07)

	
1.10 × 10−10

	
  0.97 ± 0.10

	
−0.25 ± 0.09




	
   log    L  O , 200 s     

	
   α  O , > 200 s    

	
−0.58 (0.11)

	
1.90 × 10−5 

	
−0.28 ± 0.04

	
  7.72 ± 1.31




	
   log    L  X , 200 s     

	
   α  X , > 200 s    

	
−0.69 (0.09)

	
8.03 × 10−8 

	
−0.26 ± 0.05

	
  6.71 ± 1.39




	
   log    L  O , 200 s     

	
   α  X , > 200 s    

	
−0.60 (0.12)

	
6.87 × 10−6 

	
−0.29 ± 0.03

	
  8.13 ± 1.08




	
   log    L  X , 200 s     

	
   α  O , > 200 s    

	
−0.65 (0.10)

	
5.58 × 10−7 

	
−0.32 ± 0.06

	
  8.70 ± 1.68











[image: Table] 





Table 2. The Spearman rank coefficient and linear regression parameters as predicted for the synchrotron model of a sample of 48 GRBs, using a Monte Carlo simulation with    10 4    trials (Table is adapted from Table 1 from [3]).







Table 2. The Spearman rank coefficient and linear regression parameters as predicted for the synchrotron model of a sample of 48 GRBs, using a Monte Carlo simulation with    10 4    trials (Table is adapted from Table 1 from [3]).







	
Parameters

	
Simulated Spearman

	
—Best Fit Linear Regression for Simulation—




	
  x  -axis

	
  y  -axis

	
Rank Coefficient

	
Slope

	
Constant






	
   log    L  O , 200 s     

	
   log    L  X , 200 s     

	
  0.92 ± 0.02

	
  0.82 ± 0.04

	
  3.76 ± 1.25




	
   α  O , > 200 s    

	
   α  X , > 200 s    

	
  0.74 ± 0.06

	
  1.10 ± 0.15

	
−0.04 ± 0.17




	
   log    L  O , 200 s     

	
   α  O , > 200 s    

	
−0.30 ± 0.14

	
−0.04 ± 0.02

	
  0.31 ± 0.65




	
   log    L  X , 200 s     

	
   α  X , > 200 s    

	
−0.20 ± 0.14

	
−0.04 ± 0.03

	
−0.10 ± 0.78




	
   log    E iso    

	
   α  O , > 200 s    

	
−0.06 ± 0.15

	
−0.03 ± 0.06

	
  0.32 ± 2.91




	
   log    E iso    

	
   α  X , > 200 s    

	
−0.09 ± 0.15

	
−0.04 ± 0.06

	
  0.76 ± 3.13




	
   log    E iso    

	
   log    L  O , 200 s     

	
  0.51 ± 0.11

	
  4.43 ± 1.03

	
−200.76 ± 54.10




	
   log    E iso    

	
   log    L  X , 200 s     

	
  0.54 ± 0.11

	
  3.28 ± 0.71

	
−142.22 ± 37.33










© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).
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