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We have discovered an intrinsic correlation between the early optical/UV afterglow luminosity
(log Lygos, measured at restframe 200s) and average optical afterglow decay rate (Q=200s, mea-
sured from restframe 200 s onwards) of long duration Gamma-ray Bursts (GRBs) ([3]). In these
proceedings we determine that the luminosity-decay correlation is also observed in the X-ray light
curves and we explore how this correlation is related to the prompt emission phase, specifically
with the parameters: the isotropic energy and the restframe Ty parameter (duration over which
90 % of the emission is observed). We begin by examining the relationships predicted by the
standard afterglow model. It is not easy to analytically predict observed correlations between
two parameters, since a sample is likely to consist of GRB afterglows satisfying different spectral
regimes. Therefore we use a Monte Carlo simulation to predict the relationships we should ob-
serve with our sample of 48 GRBs. We then use the sample of X-ray and optical/UV afterglow
light curves to explore the observed relationships between two parameters. While some observed
correlations are consistent with the simulations, correlations between log Ljoos and =200, OF
log Ejs, and ot~200s are inconsistent with simulations. This suggests that while the basic afterglow
model can potentially explain some of the observed correlations, it can not explain all of them.

We briefly mention alternative more complex models.
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1. Introduction

GRB afterglow luminosity light curves cluster and it is apparent that the luminosity distribution
is wider during the early part of the afterglow and becomes narrower as the afterglows fade. This
suggests that the most luminous GRB afterglows at early epochs, may decay more quickly than
less luminous afterglows. We tested this hypothesis, with a sample of optical/UV light curves,
using the logarithmic brightness (measured at rest frame 200s), log Loggs and average decay rate of
GRB afterglows (measured from rest frame 200s onwards), &t~200s. A Spearman rank correlation
gives a coefficient of -0.58 at a significance of 4.20 ([3]). Thus confirming our observation that the
brightest GRB afterglows, in the optical/UV, decay more quickly than the less luminous afterglows.
In the following, we further explore the log Lygos — Q=200s relation. In these proceedings, we
show that the correlation is also observed in the X-rays. We examine how the parameters in each
correlation relate to each other and how they relate to the parameters of the prompt emission phase,
namely the isotropic energy Eis, and the duration over which 90% of the prompt emission was
observed Tqop. We will also determine if our sample results in correlations consistent with those
predicted by the standard afterglow model using a Monte Carlo simulation. For each GRB, we
used interpolation between restframe 100 and 2000s to obtain the optical luminosity at restframe
200 s and for the X-ray we measured the luminosity at restframe 200 s 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 restframe 200 s onwards. We note that for 8§ GRBs the X-ray luminosity at
restframe 200 s is likely contaminated by the end of the prompt emission. In these situations the
average decay index is measured using data beyond restframe 200 s that is not dominated by the
prompt emission. In these cases, we extrapolate from the best fit afterglow model the decay index
of the segment closest to restframe 200 s and measure an estimate of the luminosity at restframe
200 s from this extrapolation (see [4] for further details). To determine the degree of correlation
and the relationship between these and other parameters we use both Spearman rank correlation
and linear regression.

2. Monte Carlo Simulation

In the standard afterglow model, depending on the properties and environment of the GRB
there is usually more than one relationship to describe how two parameters are related (e.g [1, 2]).
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 produce,
10* times, a sample of 48 GRBs. For each simulated sample, we performed linear regression and
we also calculated the Spearman rank coefficient between several parameters: the optical/UV and
X-ray luminosities, the optical/UV and X-ray decay indices and E;,. From the results we obtained
predictions for Spearman rank coefficients and the relationships between each pair of parameters,
for an observed sample of 48 GRB afterglows. The predictions are given in Table 1.

3. Results & Discussion

A correlation is observed between log Loggs and ¢t~o00s for both the X-ray and optical/UV
light curves (see also [4]. The Spearman rank coefficients and best fit linear regressions are given



GRB correlations S. R. Oates

Parameters Simulated Spearman ~ —Best fit linear regression for simulation—
Xx-axis y-axis Rank Coefficient Slope Constant
log Lo2oos  log Lx 200s 0.9240.02 0.82+0.04 3.76+1.25
0o, >200s Ox >200s 0.744+0.06 1.10+0.15 —0.0440.17
logLo2oos  ®0,>200s —0.30+0.14 —0.04£0.02 0.31+£0.65
IOg vazoos Ox ~200s —0.204+0.14 —0.04+0.03 0.10£0.78
log Eiso 0. >200s —0.06+0.15 —0.03£0.06 0.32+2.91
log Eiso Olx 200 —0.09£0.15 —0.04£0.06 0.76+£3.13
log Eiso log Lo 200s 0.5140.11 4.43+1.02 —200.764+37.33
log Eiso log Lx 2005 0.54+0.11 3.284+0.71 —142.22421.57

Table 1: The Spearman rank coefficient and linear regression parameters as predicted by the synchrotron
model for a sample of 48 GRBs. These values were computed with a Monte Carlo simulation with 10* trials.

Parameters Spearman Rank Null Partial Null —Best fit linear regression—
X-axis y-axis Coefficient Hypothesis ~ Spearman Rank  Hypothesis Slope Constant
log Lo 200s 0o, >200s —0.58 (O.] ]) 1.90x107> —0.50 2.85x10~% —0.284+0.04 7.72£1.31
log Lx 2005 0tx,>200s —0.69 (0.09) 8.03x1078 —0.63 1.58x107®  —0.26+0.05 6.71+1.39

Table 2: The observed relationships between log Lyogs — &t~200s in the optical/UV and X-ray: the Spearman
rank coefficient, 1o error and null hypothesis; the coefficient of the partial Spearman rank and null hypoth-
esis, which tests the correlation between two parameters taking into account the parameters dependence on
redshift; the slope and constant values provided by the best fit linear regression.

in Table 2. The linear regressions are consistent at 16. This suggests that the same mechanism
is producing the relationship between the luminosity at restframe 200 s and the average decay
rate from restframe 200 s for both the X-ray and optical/UV light curves. Comparing the linear
regression parameters for the observed and predicted data, we find that the slopes and constant
parameters are inconsistent at = 40. Therefore this implies that correlations as strong as those
observed, between log Lyggs and tt~o00s are not expected in the standard afterglow model.

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 (Fig 1 top panels). In the top right panel we also show the expected relationships between
the decay indices in terms of the standard afterglow model for the optical/UV and X-ray light
curves. The best fit regression line, lies above, but close to, the line o ~200s = Qo >200s — 0.25.
This implies that there is unlikely to be a single closure relation responsible for producing the X-ray
and optical afterglows, although a constant density medium is preferred and the cooling frequency
is likely between the X-ray and optical/UV bands at least for a large number of events. This is
consistent with recent analysis by [6], [7], [8] and [9]. 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 Eis,, and the
luminosity of the afterglow. However our observed data (Fig 1 middle panels) predicts 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
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more scatter in the relationship between log E;s, and log Logos. The results of the linear regression
indicate that the observed relationship is shallower than that predicted and are inconsistent at 2> 30.

In the observed sample we also find relationships between log E;s, and the optical and X-ray
decay indices (Fig 1 bottom panels). In the simulations we find that only 0.01% predict a relation-
ship the same or stronger than what we observe between log Eig, and aix ~200s and 0.03% predict
similar or stronger relationship between log E;s, and o ~200s. This and linear equations inconsis-
tent with simulations at 2 2.2, implies that these correlations are not predicted by the standard
afterglow model. However, since we find correlations between log Ejso, 0t~200s and log Logos, this
suggests that what happens during the prompt phase has direct effect on the afterglow.

We also explored relationships between the duration of the y-ray emission in the restframe,
Tyg, with log Lygos, 0=200s and log E;s,. Significant correlations are not found amongst these pa-
rameters using the entire sample of 48 GRBs. This is consistent with the findings of [S]. However,
as part of our checks, we repeated our analysis for all pairs of parameters excluding the 8§ GRBs
for which the X-ray light curves were contaminated at 200s by the tail of the prompt emission.
We found that the results do not significantly change for any correlation except for those involving
the restframe Tgo parameter. In these cases, we find that the Spearman rank coefficients are larger
than those determined with the same analysis performed on the entire GRB sample. For three pairs
of parameters restframe T90 and log Lo 2005, restframe T90 and log E;s,, and restframe T90 with
log Epeak, the significance of correlation implied by Spearman rank is > 30 and the coefficient
suggests strong correlations. However, this is most likely a selection effect. In order to observe
the tail of the prompt emission at restframe 200s, the prompt emission duration should be long, but
also it has to be bright or the afterglow weak so that the prompt emission can be observed above
the afterglow. For these 8 GRBs it is the chance combination of low afterglow luminosity and
long duration prompt emission, which allows the tail of the prompt emission to dominate over the
afterglow. Therefore these light curves cluster at large restframe T90 and low log Lx 200s. Also
since log Lx 2005 correlates with log Lo 2005 and log E;s,, we should also find clustering of these
parameters with restframe T90. Examining the corresponding panels of Fig. 2, we find that the 8
GRBs are clustered in the bottom right of these panels. Therefore by removing these GRBs and
repeating the correlations we are artificially inducing correlations between these parameters.

4. Conclusions

We found significant correlations between the X-ray and optical luminosities (log Lo 200s,
log Lx 200s) and the optical/UV and X-ray decay indices (0tp ~200s and 0x ~200s) and we also find
correlations between these parameters and the isotropic energy (log Eiso). 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 lu-
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Figure 1: Top Left: Optical/UV and X-ray luminosity determined at restframe 200 s. Top Right: Average
decay rate of the optical/UV and X-ray light curves determined from restframe 200 s onwards. Middle Left:
The optical luminosity at restframe 200 s versus isotropic energy. Middle Right: The X-ray luminosity
at restframe 200 s versus isotropic energy Bottom Left: The optical average decay index determined from
restframe 200 s versus isotropic energy. Bottom Right: The X-ray average decay index determined from
restframe 200 s versus isotropic energy. In all panels, the red solid line represents the best fit regression
and the green dot-dash line represents the 3¢ root mean square (RMS) deviation. In the top right panel,
we also show relationships expected between the optical/UV and X-ray light curves from the GRB closure
relations. The purple dotted line represents the optical/UV and X-ray decay indices being equal. The light
blue dashed lines represent the X-ray temporal index equal to the optical/UV temporal index 4-0.25. In the
top right corner of each panel, we give the Spearman rank coefficient, p, and corresponding null hypothesis
probability, P, and we provide the best fit slope and constant determined by linear regression.
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Figure 2: Left: The optical luminosity at restframe 200 s versus restframe Tog; Right: The isotropic prompt
emission Ejy, versus restframe Tqg. The purple stars indicate those GRBs for which the X-ray afterglow was
contaminated by the end of the prompt emission. All points are included when determining the best fit linear
regression and Spearman rank values given in the figure. Key is otherwise the same as Fig. 1.

minosity and isotropic energy are steeper in the simulations than observed. However, the observed
relationship involving the average decay indices with either luminosity at 200 s 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 2005 are not expected in the standard afterglow
model, we therefore suggest that a more complex afterglow or outflow model is required to pro-
duce 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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