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In this conference proceeding we examine a correlation between the afterglow luminosity (mea-
sured at restframe 200 s; log Lygps) and average afterglow decay rate (measured from restframe
200 s onwards; 000s) found in both the optical/UV and X-ray afterglows of long duration
Gamma-ray Bursts (GRBs). Examining the X-ray light curves, we find the correlation does not
depend on the presence of specific light curve features. We explore how the parameters in the
optical/UV and X-ray bands relate to each other and to the prompt emission phase. We also use
a Monte Carlo simulation to explore whether these relationships are consistent with predictions
of the standard afterglow model. We conclude that the correlations are consistent with a common
underlying physical mechanism producing GRBs and their afterglows regardless of their detailed
temporal behaviour. However, a basic afterglow model has difficulty explaining correlations in-

volving =00s. We therefore briefly discuss alternative more complex models.
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Afterglow correlations S. R. Oates

1. Introduction

Gamma-ray bursts (GRBs) are intense flashes of gamma-rays that are usually accompanied by
an afterglow; longer lived emission that may be detected at X-ray to radio wavelengths. Statistical
investigations performed with GRBs so far have found a number of trends and correlations within
and linking the prompt gamma-ray emission and the afterglow emission e.g, [1, 2, 3,4, 5,6, 7, 8,
9, 10]. Within the afterglow, several trends are apparent and are being explored. One such example
is a correlation between the logarithmic optical/UV brightness (log Lo 200s; measured at restframe
200 s and at a restframe wavelength 1600 A), and average decay rate of GRB afterglows (0t-200s;
measured from restframe 200 s onwards with a single power-law) [11]. This was discovered us-
ing a sample of 48 optical/UV GRB light curves observed by the Ultra-violet Optical Telescope
(UVOT)[12] onboard the Neil Gehrels Swift Observatory (hereafter Swift) [13]. A Spearman rank
test gave a coefficient of —0.58 at a significance of 99.998% (4.20). This correlation suggests the
brightest optical/UV afterglows decay more quickly on average compared to fainter optical/UV
afterglows.

To gain insight into the origin of this correlation, we wished to determine if this correlation is
observed also in the X-ray and how it relates to other GRB properties. We performed this analysis
in [14] and [15]. [14] searched for a log Logos — Q>200s in the X-ray afterglows observed by the
Swift X-ray Telescope (XRT; [16]). [15] compared the parameters of the optical/UV log Lygps —
0=200s correlation with the equivalent values from the X-ray and also explored their relationship to
properties of the prompt emission, namely the isotropic energy Ejs, and the peak energy Epe.. We
will provide a summary of these papers in this conference proceeding.

2. Sample Selection and Data Analysis

The sample of X-ray light curves consists of 237 Swift-BAT discovered GRBs with measured
redshifts, discovered between December 2004 and March 2014 (for further details on sample se-
lection see [14]). All light curves were retrieved from the University of Leicester Swift-XRT Team
GRB repository [17, 18]. The count rate light curves were converted to flux density at 1 keV using
the spectral index from the automated fits to the photon counting mode data, and then to intrinsic
luminosity. All light curve fitting is performed in the count rate domain.

The optical/UV sample consists of 56 long duration GRBs, selected from the second Swift
UVOT GRB afterglow catalogue [19], which were observed between April 2005 and December
2010. They were selected using the criteria of [20]. These criteria ensure that a high signal-to-noise
(SN) light curve, covering both early and late times, could be constructed from the UVOT multi-
filter observations (see [20, 11]). These GRBs have spectroscopic or photometric redshifts and
we were able to determine the host E(B-V) values (the host extinction was derived from afterglow
spectral energy distributions following [21]). For each GRB, optical/UV luminosity light curves
were produced at a common wavelength of 1600 A [11].

For each GRB, we interpolated the optical/UV luminosity at 200 s using data between 100
and 2000 s and for the X-ray we measured the luminosity at 200 s from the best-fit light curve
model [22, 23]. To obtain the average decay rate, we fit a single power-law to each optical/UV and
X-ray light curve using data from 200 s onwards. For 8 optical/UV light curves, we were unable
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to determine the luminosity at 200 s and/or the average decay index. We therefore excluded these
GRBs from the optical/UV sample.

An initial steep decay, associated with the tail of the prompt emission [24], for some GRBs
is found to be contaminating the X-ray afterglows. For 8 of the 237 X-ray light curves the steep
decay segment is found to contaminate the X-ray light curves at restframe 200 s. We identify a
light curve segment to have a prompt origin if there is a steep to shallow transition with Ao > 1.0.
In these situations the average decay index is measured with a simple power-law fit to data beyond
restframe 200 s and after the steep to shallow transition. In order to get a better estimate of the
afterglow luminosity at restframe 200 s, we extrapolate back to restframe 200 s the first segment of
the best-fit light curve that is not contaminated by the prompt emission (see also [14]).

To compare the afterglow properties with the prompt emission properties we determined the
isotropic energy Ejg, and restframe peak energy, Epeax from the y-ray emission, following [22]. Of
the 48 GRBs in our optical/UV sample, we could determine E,e.x for 44 and E;g, for 47.

In order to determine the strength and significance of each correlation, we perform a linear
regression analysis using the IDL routines fitexy and sixlin: fitexy is used when both parameters
have errors, six/in is used when we do not know the errors on one or both parameters. Since there
are only a handful of GRBs with errors on the Ejs, and E,eqx parameters, we choose to discard
errors in both parameters and use six/in when determining the strength and significance of each
correlation with one of these parameters involved.

We determine the strength of the correlation by measuring a Spearman rank coefficient (Ry)),
and its corresponding null hypothesis probability (p) using the IDL tool r_correlate. We also test
the dependence of each correlation with redshift using partial Spearman rank correlation analysis.

3. Results

3.1 log Lx 200s — 0tx,>200s correlation

We see evidence for a correlation between log Lx 200s and ox ~200s, similar to that in the
optical/UV [11]. However, the presence of features in the afterglow light curves (plateaus, flares,
etc.) may add scatter, potentially influence or even be the root cause of the correlation. We test these
effects and other observational biases by splitting the sample and reproducing the same analyses.
We report all of these tests and the final correlation in Table 1 and Fig 1.

We first test for differences between short and long duration GRBs in the log Lx 2005 — 0tx,>200s
correlation. We find that long duration bursts are significantly correlated and short bursts demon-
strate no significant correlation. This suggests that the correlation is related to some difference in
the afterglow properties of short and long GRBs, be it their environment or jet dynamics. Therefore
for all further tests of the log Lx 200s — 0tx,>200s correlation, we exclude short GRBs.

X-ray flares have been shown to have an internal rather than external shock origin and may
be a potential source of contamination for the log Lx 200s — 0ix,>200s correlation. Therefore we
separate those afterglows with X-ray flares (without removing flaring intervals) and those without
flares, and find that the two samples show very similar correlation strengths and slopes, but with
slightly more scatter in the sample with flares. After excluding the flaring intervals from the light
curves and refitting to obtain log Lx s00sand 0tx ave,~200s, We find the correlation gets even tighter.
Therefore, henceforth, we use the flare-removed average decay fits.
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Figure 1: Final average decay - luminosity correlation using the sample that includes flare correction and
those only of long duration, with corrections and sub-sample optimisation described in §3. The solid line
indicates the best fit regression, and the dashed lines indicates the 2o deviation. This figure is reproduced
from Fig. 9 of [14].

Sample Parameters Spearman Null Partial Null Best fit linear regression  Number
X-axis y-axis Rank Hypothesis Spearman Hypothesis Slope Constant in
Rank Sample
Short  log Lxpoos  Ox,»2005  -0.07 >0.10 0.11 >0.10 0167019 —3.401]L1° 9
Long  log Lxaoos Ox>200s  0.59 <1075 0.59 <107° 0277901 —6.9911% 237
Flares  log Lx 005  Ox,>200s 0.58 < 107° 0.56 <107 0307007 —7.91%5% 134
No Flares  log Lx 2005 Ox,>200s 0.59 < 107¢ 0.64 <107 028709 7277138 103
Plateau  log Lx00s  0tx,>200s 0.58 < 107° 0.55 <107° 026700 —6.817}4% 156
No Plateau  log Ly pos  @x,>200s  0.57 <1076 0.61 <107% 026700  —6.8271 81
Final  log Lypoos  Ox>200,  0.59 < 107° 0.59 <10°° 027700 69913 237

Table 1: Regression analysis results and correlation statistics for each sub-sample and correlation of the X-
ray light curve. The partial Spearman rank coefficient tests the dependence on redshift. The null hypothesis
columns apply to the regular or partial Spearman rank coefficient to the left of that column. This table is
adapted from Table 2 in [14].

The average decay rate is likely influenced by the complex light curve morphology of X-ray
afterglows (e.g [22]). For example, a light curve with an extremely long plateau (e.g. GRB 060729,
[25]) may have a shallower average decay, whereas GRBs without plateaus would be steeper. In
addition [26, 27] have shown that there is a relationship between the time and flux of the end of the
X-ray plateau, which could be another manifestation of the behaviour we have found in this study.
We test the effect of X-ray plateaus on the average decay-luminosity correlation by separating our
sample into those light curves that show plateau behaviour. The results in Table 1 indicate that the
average decay-luminosity correlation is significant in samples of GRBs with and without plateaus.
This suggests that plateaus are not solely responsible for regulating the average afterglow decay.

3.2 Prompt emission and afterglow parameter comparison

Upon finding a correlation between log Logps and &t~o00s in both the optical/UV and X-ray
afterglows, we now compare the parameters of the correlations at both wavelengths. The results
are given in Table 2. Performing the analysis with the 48 GRBs found in both samples, we find
the linear regressions for the correlations in both frequencies are consistent at 1. When swapping
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Parameters Spearman Rank Null Partial Null —Best fit linear regression—
X-axis y-axis Coefficient Hypothesis ~ Spearman Rank  Hypothesis Slope Constant

logLo2oos  log Lx 2005 0.81 (0.05) 5.26 x 10712 0.70 2.85x107%  0.9140.22 1.04 £6.94
00,2005 06X, >200s 0.77 (0.07) 1.10x 10710 0.75 1.27%x107° 0.9740.10  0.254+0.09
logLo2oos 00200 0.58 (0.11) 1.90 x 1075 0.50 285x 107 0.28+0.04 —7.72+1.31
log Lx 200s  06x,>200s 0.69 (0.09) 8.03 x 1078 0.63 1.58x107% 0.26+0.05 —6.71+1.39
log Lo2oos  0x,>200s 0.60 (0.12) 6.87 x 107 0.52 1.53x107*  0.2940.03 —8.13+1.08
log Lx 200s  00,>200s 0.65 (0.10) 5.58 x 1077 0.60 7.58x107% 0.3240.06 —8.704+1.68
log Eiso 00,2005 0.54 (0.12) 9.05x 107? 0.44 1.96x 1073 0.214+0.05 —10.22+2.57
log Eiso 06X, >200s 0.57 (0.11) 3.12x 107 0.47 8.70x 107 0.214+0.04 —9.60+2.16
log Ejgo log Lo 200s 0.76 (0.06)  4.51x 10710 0.66 459%x 1077 1.09+£0.13 —25.27+6.92
log Eiso log Lx 200s 0.83 (0.05) 5.04x 10713 0.76 478x 1071 1.10£0.15 —27.81+7.89
log Epeak 00,5200 0.45 (0.13) 2.05x 1073 0.38 120x 1072 0.48+0.17 —0.22+0.41
log Epeax 06X, >200s 0.48 (0.13) 9.22x 1074 0.40 7.52x 1073 0.4840.15 0.03£0.36
logEpeak  logLoxaops  0.66 (0.11) 1.16 x 1076 0.58 351x107° 297+0.76 24.53+£1.95
log Epeax log Lx 2005 0.75 (0.10) 4.74x 1070 0.70 1.38 x 1077 2.970.67 22.50+£1.73

Table 2: For each pair of parameters examined, this table contains: the Spearman rank correlation coefficient
with its associated null hypothesis; the coefficient of the partial Spearman rank with its associated null
hypothesis; the slope and constant values provided by the best fit linear regression. We also provide the 1o
error of the Spearman rank coefficient. Table is a reproduction of Table 2 from [15].

the X-ray and optical/UV luminosity and decay parameters, i.e log Lo 200s versus oix ~oo0s and
log Lx 2005 versus oo >200s similar strength relationships are found. This supports the validity
of the luminosity-decay correlation. Strong correlations are also observed when correlating the
luminosities in both frequencies and the decay indices in both frequencies.

In Table 2 we also provide the results of the comparison of the parameters of the optical/UV
and X-ray luminosity-decay correlations with the prompt emission parameters: log Ejso and Epeak.
Comparison of the optical/UV and X-ray luminosity with log E;, indicates strong correlations and
the linear regressions are consistent to within 10 error. We also provide the results of the compari-
son of log Ejs, with 0o ~200s and otx ~200s. These correlations are slightly less strong compared to
that found between luminosity and log Ej,, but within errors the equations for the linear regression
for both the optical/UV and X-ray a~200s against log Ejs, are consistent with each other.

The Amati relation indicates a relationship between Ejs, and Epeax [1]. Therefore we may
already predict correlations between Epe,x and the afterglow parameters, but for completeness we
report the strength of these correlations. For log E,eax against log Lo 2005 and log Lx 2005, We notice
that the Spearman rank coefficient is smaller than that found for log L,ggs with log Ejs,, indicating
that the relationships involving the prompt emission peak energy are weaker in comparison to
the relationships observed with the isotropic energy; consistent with that found by [6]. Also for
log Epeak against 0o ~200s and otx ~200s, the Spearman rank coefficients are smaller in comparison
to the Spearman rank coefficients found for the correlations between the decay indices and log Ej,.

4. Discussion

We have shown that the log Lagos — ®~2005 correlation, observed in the optical/UV light curves
by [11], is also observed in the X-ray light curves, suggesting that the brightest afterglows decay
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more quickly than the fainter afterglows. This points towards a common underlying mechanism
producing both the X-ray and optical/UV afterglows. We can therefore generally exclude mod-
els that invoke different emission mechanisms that separately produce the X-ray and optical/UV
afterglow.

Pre-Swift observations of late time X-ray afterglows also seemed to suggest the brightest X-ray
afterglows decay more quickly than fainter afterglows [28, 29, 30], but a larger sample including
some of the first Swift X-ray light curves [31] was not able to support previous claims (see also
[14]). In this analysis, the correlation between luminosity and temporal behaviour is investigated
at a much earlier time, when there is greater spread in the luminosity distribution, and the average
decay index is determined using almost the entire observed afterglow.

We also have shown that the X-ray and optical/UV log Lygos are correlated with log Ejs, and
Epeax- This is consistent with previous studies (e.g. [29, 32, 33, 34]), in particular [6] and [35], who
performed a similar study using early X-ray luminosity, 5 — 10 minutes after trigger. We have also
shown that the optical/UV and X-ray o005 are correlated with log E;s, and Epeak. Altogether, the
correlations we report indicate that the GRBs with the brightest, fastest, decaying afterglows also
have the largest observed prompt emission energies and typically larger peak spectral energy.

We now investigate if these observations are consistent with the predictions of the standard
afterglow model. This model provides different relationships between parameters depending on the
ordering of the spectral frequencies. Therefore it is necessary to perform a Monte Carlo simulation
to obtain the expected relationships between various parameters for a sample of 48 GRBs. Using
10* trials, we simulated the optical/UV (at 1600 A) and X-ray (at 1 keV) flux densities for 48
GRBs using equation 8 of [36] and equations 4, 5 and 6 given in [37] for Fy 4y, Vi and V.. In
this simulation we assume that all GRBs are produced in a constant density medium. To compute
Fy max, Vm and V. we needed to provide values for the microphysical parameters. These were
selected at random from log-normal distributions which had 3¢ intervals ranging between: 0.01-
0.3 for the fraction of energy given to the electrons, &:; 5 x 10~* — 0.5 for the fraction of energy

3em~2 for the density of the external medium. The

given to the magnetic field, €, and 103-10
centre of each of these distributions is at the logarithmic midpoint. For the electron energy index
p, we centred the distribution at 2.4, as determined by [38], however, we set the 10 width to be
0.2 rather than 0.59. Since the closure relations fail for p values < 2, we re-sampled the p value
when p < 2 was selected. The value of p along with the position of v, relative to the observed band
and redshift (selected from a uniform distribution with the range 0.5 - 4.5, a similar range as the
observed sample), dictate the values of &,  and the k-correction (as given in [39]).

For the 48 GRBs in each trial, we selected a prompt emission energy from a log-normal dis-
tribution with a 30 range 10°! — 10°* erg; a range similar to that of the GRBs in this sample. We
picked a random value between 10% and 99% for the efficiency, which we used to convert the
prompt emission energy into kinetic energy. Once all the microphysical parameters, redshift and
kinetic energy had been selected, we were then able to determine the position of v, and thus knew
where it was in relation to Vo and vyx. With this information, we then calculated the value of the
optical/UV and X-ray fluxes and converted these to luminosity. As a byproduct of calculating the
optical/UV and X-ray luminosities, we also have simulated distributions for E;s, and &. Therefore
we also produce predictions for comparisons that involve these parameters. For the parameters of
48 GRBs in each trial, we performed linear regression using the IDL routine sixlin, and we also
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Parameters Simulated Spearman —Best fit linear regression for simulation—
X-axis y-axis Rank Coefficient Slope Constant

10g LQQOOS log nyzoos 0.92+0.0 0.82+0.0 376 +1.25

000, >200s 0 >200s 0.74+0.0 1.10£0.1 0.04+0.17

log Lo200s  Qo,>200s 0.30+0.14 0.04+0.02 —0.31+0.65

log LX,ZOOs OCX7>20()S 0.20+0.14 0.044+0.03 0.104£0.78

log Eiso 000, >200s 0.06 +£0.15 0.03+0.06 —-0.32+2.91

log Eiso 0x,>200s 0.09+0.15 0.04 £0.06 —0.76 £3.13

log Eiso log Lo 2005 0.51+0.11 4.43+1.03 —200.76 £54.10

log Eio log Lx 2005 0.54+0.11 3.284+0.71 —142.224+-37.33

Table 3: 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.
Table is a reproduction of Table 1 from [15].

calculated the Spearman rank coefficient. The results of the simulation can be found in Table 3.

Since the standard afterglow model predicts the optical/UV and X-ray emission produced by
the same mechanism from an isotropic outflow, we would expect to see relationships between
log Lo 2005 & log Lx 2005 and 0o ~200s versus otx ~200s. Our observed relationships between these
parameters can therefore be explained easily by the standard afterglow model and are fully con-
sistent with the simulations. A relationship between log Eis, and log Logos is also expected in
the standard afterglow model, but the comparison of our observed relationship to the simulations
suggests that the observed linear regression slope is less steep than predicted by the simulation.
Furthermore, the relationships we observe, between log Lyggs and 0t~200s, and log Ejs, and @~2g0s,
are not expected in the standard afterglow model and are not predicted by the simulations.

Since the standard afterglow does not succeed in fully predicting all of our observed correla-
tions, it is likely that a more complex outflow model is required. This conclusion is similar to that
drawn during the separate investigation of the optical/UV log Loggs — =005 decay correlation [11].

4.1 Alternative Models

There are three main possibilities that could make the outflow complex enough to be able to
reproduced the observed correlations. The first is that perhaps there is some mechanism or param-
eter that controls the amount of energy given to and distributed during the prompt and afterglow
phases and that also regulates the afterglow decay rate. This should occur in such a way that for
events with the largest gamma-ray isotropic energy, the energy given to the afterglow is released
quickly, resulting in an initially bright afterglow which decays rapidly. Conversely, if the gamma-
ray isotropic energy is smaller, then the afterglow energy is released slowly over a longer period,
the afterglow will be less bright initially and decay at a slower rate.

The second possibility is that the correlations could be a geometric effect, perhaps the result
of the observer’s viewing angle. Jets viewed away from the jet-axis may have fainter afterglows
that decay less quickly in comparison to afterglows viewed closer to the centre of the jet (see Fig
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Figure 2: The average temporal decay (0tx >200s) and average spectral energy index (8x) are compared with
logLx 2005 (colour scale), demonstrating consistency and trends with the closure relations (dashed lines).
The high luminosity (redder) points are roughly consistent with wind-like environments. This figure is
reproduced from Fig. 15 of [14].

3. of [4]). Similarly, this will also affect the observed prompt emission, with jets viewed off-axis
appearing to have lower isotropic energy and lower peak spectral energy [40].

The third possibility could be related to the circumburst environment. The closure relations
relate o and the spectral index 8 through different relationships depending on the ordering of the
synchrotron spectral parameters and the density profile or the external medium. If the correlation
is affected by the circumburst environment, we expect to see GRBs with the highest luminosities
favouring a particular environment. No apparent correlation is observed in the optical/UV [11].
However in the X-ray (see Figure 2), the highest luminosity GRBs tend toward the lines demarcat-
ing the 7~2 wind environment. The ambiguity in the v, > v, cases prohibits us from making a strong
statement on the role of circumburst environment, but it may be another possible contribution in
that the initially brightest GRB afterglows may be more likely to live in wind-like environments
(see also [41]).

5. Conclusions

This proceeding has summarised the work presented in [14] and [15]. We have shown that
the correlation between luminosity (measured at restframe 200 s; log Lagos) and average decay
rate (measured from 200 s; Q~20ps) 1S observed in the X-ray light curve sample as well as the
optical/UV [11]. When we rerun the correlations with the same GRBs we find the luminosity-decay
correlations are consistent. This suggests a single underlying mechanism producing the correlations
in both bands and it is not dependent on their detailed temporal behaviour. We also show significant
correlations between the logarithmic optical/UV and X-ray luminosity (log Lo 200s, log Lx 200s) and
the optical/UV and X-ray decay indices (0o, >200s and 0tx ~200s) and all four of these parameters are
found to be correlated with the prompt emission parameters: isotropic energy (E;s,) and restframe
peak spectral energy (Epeak). Together these correlations imply that the GRBs with the brightest
afterglows in the X-ray and optical/UV bands, decay the fastest and they also have the largest
observed prompt emission energies and typically larger peak spectral energy. This suggests that
what happens during the prompt phase has direct implications on the afterglow.
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We used a Monte Carlo simulation to examine whether the standard afterglow model is able
to explain the observed correlations. Overall, observed correlations between the luminosities in
both the X-ray and optical/UV bands and between the luminosities and the isotropic energy are
consistent with the predictions of the simulation. However, observed relationships involving the
average decay indices with either luminosity at 200 s or the isotropic y-ray energy are not consistent
with the simulation. 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. The
environment in which the GRB exploded may also contribute to the observed correlation.
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DISCUSSION

JIM BEALL: You mentioned ‘circumburst’ winds. If these are associated with massive stars
would one expect particular stellar wind profiles. Can you comment on this?

SAM OATES: The analytical expressions describing GRBs in wind-like media assume simple
density profiles »~*, with either k = 0, a constant density profile or k = 2 a stellar wind-type profile.
In general observations don’t allow a more accurate determination of k and are more frequently
shown to prefer a constant density circumstellar density profile over a wind profile.

MARKUS BOTTCHER: A Spearman rank of ~ 0.6 is not usually considered a strong correlation.
The p-value depends on the assumed distributions of & and L. What are those distributions used in
the Monte Carlo simulations?

SAM OATES: We have run two separate Monte Carlo simulations, one to test if the optical/UV
correlation could be due to chance or be a result of selection effects and another to test if the
observed correlations are consistent with the predictions of the standard afterglow model.

In the first Monte Carlo simulation, performed in [11], we simulated a distribution of 48 pairs
of logLo 200s — 0o, >200s data points selected at random from linear distributions of log Lo 2005 and
00, >200s» Which have the same ranges as the observed sample. For each pair of values, we produced
a simulated observer frame light curve to check if the light curve would have met the selection
criteria, discarding and redrawing a new pair of logLo 2005 and Qo ~200s When the selection criteria
wasn’t met and repeating this until 48 simulated pairs were obtained. We then ran the Spearman
rank correlation on each set of simulated data points. We repeated this 10° times. We found our
correlation is not due to chance or a result of selection effects at 4.10 confidence.

For the second Monte Carlo simulation, to see if our observations were consistent with the
predictions of the standard afterglow model, we simulated luminosity at restframe 200 s and ¢ val-
ues using the equations for flux density and the closure relations as given in the standard afterglow
model. The flux density depends on the energy of the GRB and the microphysical parameters. The
prompt emission energy was chosen from a log-normal distribution similar to that of the GRBs
in this sample whereas the microphysical parameters were selected from log-normal distributions
based on values found for GRBs in the literature. The ¢ values were obtained from the appropriate
closure relation, which is determined by ordering of the observed frequency with respect to the
simulated synchrotron peak frequency and the synchrotron cooling frequency.
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