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ABSTRACT
We present the discovery of a correlation, in a sample of 16 gamma-ray burst 8.5 GHz radio afterglows, between the
intrinsic luminosity measured at 10 d in the rest frame, LRadio,10 d, and the average rate of decay past this time, α>10 d.
The correlation has a Spearman’s rank coefficient of −0.70 ± 0.13 at a significance of >3σ and a linear regression fit of
α>10 d = −0.29+0.19

−0.28 log
(
LRadio,10 d

) + 8.12+8.86
−5.88. This finding suggests that more luminous radio afterglows have higher average

rates of decay than less luminous ones. We use a Monte Carlo simulation to show the correlation is not produced by chance or
selection effects at a confidence level of >3σ . Previous studies found this relation in optical/UV, X-ray, and GeV afterglow light
curves, and we have now extended it to radio light curves. The Spearman’s rank coefficients and the linear regression slopes
for the correlation in each waveband are all consistent within 1σ . We discuss how these new results in the radio band support
the effects of observer viewing geometry, and time-varying microphysical parameters, as possible causes of the correlation as
suggested in previous works.

Key words: gamma-ray burst: general.
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IN T RO D U C T I O N

amma-ray bursts (GRBs) are high-energy, short-lived and rapidly
volving transient astrophysical sources. Their emission is divided
nto two phases: prompt and afterglow. The prompt emission is the
nitial pulse of gamma-rays with a short lifetime, typically between
few milliseconds and a few thousand seconds (Meszaros & Rees

997; Lien et al. 2016). The afterglow emission is the associated
road-band emission which is observable across the electromagnetic
pectrum – from radio to X-ray and very high energies (VHE) – and
as a longer observed lifetime, typically lasting hours to days (Sari,
iran & Narayan 1998; Evans et al. 2009; Chandra & Frail 2012),
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nd in some cases even weeks or years (e.g. GRB 130427A and GRB
21009A; De Pasquale et al. 2016; Rhodes et al. 2024, respectively).
The standard fireball model offers an accepted explanation of

he prompt emission and the afterglow, suggesting the GRB central
ngine releases a jetted ultrarelativistic ‘fireball’ consisting of high
nergy photons with some degree of baryon and lepton loading (Cav-
llo & Rees 1978; Goodman 1986; Paczynski 1986, 1990; Shemi &
iran 1990; Rees & Meszaros 1992; Meszaros & Rees 1993). In this
odel, the prompt emission is thought to be produced within the jet,
ainly by non-thermal processes such as synchrotron and inverse
ompton emission, when shells of ejecta with different Lorentz

actors interact (Rees & Meszaros 1994; Piran 1999; Guetta, Spada &
axman 2001). It is also thought that the prompt emission can in

art be produced by photospheric emission since the optically thick
reball cools and eventually becomes transparent, enabling thermal
blackbody) emission (Goodman 1986; Paczynski 1986). Also in
his model, the afterglow is thought to be produced when the jet
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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Figure 1. The flux density radio light curves at 8.5 GHz for the 81 GRBs
with a measured redshift and a peak flux of >100μJy. For clarity, we only
plot measurements where SNR > 2.
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loughs into the external medium, creating shocks and sweeping up
aterial, which accelerates charged particles, producing synchrotron

mission and synchrotron Self-compton emission (Rees & Meszaros
992; Meszaros & Rees 1993, 1997; Sari et al. 1998; Sari & Esin
001).
Previous studies in multiple wavebands have found a correlation

etween the luminosity measured in the early stages of the afterglow
nd the average rate of decay of the afterglow light curve past
his time, implying that brighter afterglows decay more quickly on
verage. Originally, Oates et al. (2012) discovered this correlation
n a sample of 48 optical/UV afterglows observed with the Ultravi-
let/Optical Telescope (Roming et al. 2005) onboard NASA’s Neil
ehrels Swift observatory (henceforth Swift; Gehrels et al. 2004)

nd calculated a Spearman’s rank correlation coefficient, Rsp, of
sp = −0.58 ± 0.11 with a p value of 1.90 × 10−5. Next, Racusin

t al. (2016) found this correlation in a sample of 237 X-ray
fterglows observed with Swift’s X-ray Telescope (Burrows et al.
005) and calculated Rsp = −0.59 ± 0.09 with a p value of �10−5.
ecently, Hinds et al. (2023) found this correlation in a sample of
3 GeV afterglows observed with the Large Area Telescope onboard
he Fermi Gamma-ray Space Telescope (henceforth Fermi; Atwood
t al. 2009) and calculated Rsp = −0.74 ± 0.19 with a p value of
.11 × 10−3. The strength of the correlation is consistent between
hese wavebands within 1σ (Oates et al. 2015; Hinds et al. 2023).

In this paper, we build upon these studies of the luminosity–decay
orrelation by extending the analyses to a sample of GRB afterglow
ight curves in the radio band, at 8.5 GHz, thereby covering 15 orders
f magnitude in frequency (from GeV photons to radio photons).
he analysis, including sample selection, is given in Section 2; the

esults of the correlation analysis are given in Section 3; a discussion
f the results – covering a multiwavelength comparison, the possible
hysical causes of the correlation, and its application to different
tudies – is given in Section 4; and the conclusions are given in
ection 5. For this study, we assume cosmological parameter values
f H0 = 70 km s−1 Mpc−1, �� = 0.7 and �m = 0.3, and the flux
onvention of F (t, ν) ∝ tανβ , where α and β are the temporal and
pectral indices, respectively.

DATA A NA LY SIS

.1 Sample selection

e use a catalogue of GRB radio observations that were compiled
y D. A. Kann from the literature published between 1997 and 2020.
e supplemented this with observations reported in the literature

rom 2020 up until February 2024. Our catalogue contains 480
RBs consisting of 6227 flux density measurements, including upper

imits. The data spans a frequency range of 0.4–667 GHz, with the
ajority (∼25 per cent) concentrated around 8.5 GHz. Within our

atalogue, 55 per cent of the data were collected with the Very
arge Array (Thompson et al. 1980), 18 per cent with the Arcminute
icrokelvin Imager-Large Array (Zwart et al. 2008), 8 per cent with

he Australia Telescope Compact Array (Frater, Brooks & Whiteoak
992) and the remaining 19 per cent from a mixture of 40 other radio
elescopes.

We select the sample from the catalogue according to the following
pecific criteria. First, we select the 246 GRBs which have a measured
edshift. This is required in order to convert from flux density
o rest frame luminosity (see Section 2.2). Secondly, we exclude
pper limits in order to make error-weighted power-law fits (see
ection 2.3). This reduces the number of GRBs from 246 to 207.
hirdly, we select data within a narrow frequency range of 8.5
NRAS 542, 2421–2430 (2025)
0.1 GHz. This frequency range contains the largest number of
ndividual GRBs (131) and the best sampled light curves, akin to
he case in Chandra & Frail (2012). As such, our sample is further
educed to 131 GRBs. Finally, we require light curves to have a peak
ux of >100 μJy to ensure sufficient signal-to-noise and sampling.
f the 131 GRBs in our sample thus far, we select 81 of which that

atisfy this final criterion. Fig. 1 shows the observed frame radio light
urve distribution at 8.5 GHz for these 81 selected GRBs.

.2 Light curves

e convert the time of each measurement in each light curve into
he rest frame using:

rest = tobs

1 + z
, (1)

here tobs is the observed time elapsed since the start of the GRB,
rest is the rest frame time, and z is the GRB’s redshift. The light
urves are converted from flux density to intrinsic luminosity and
-corrected to 8.5 GHz in the co-moving frame using:

ν = 4πFνd
2
L(1 + z)−β−1, (2)

here Lν is the luminosity in erg s−1 Hz−1, Fν is the observed flux
ensity, and dL is the luminosity distance (Bloom, Frail & Sari 2001).
e do not know β for each GRB, so we assume a single value to

se for all GRBs using the standard fireball model. Accordingly, we
ssume the slow cooling scenario for an adiabatic fireball expanding
nto a uniform medium, consistent with what has been found for
RB afterglows (Schulze et al. 2011; Gompertz, Fruchter & Pe’er
018). As in the other wavebands, we are testing for the correlation
uring the decaying phase of the light curves. Therefore, we assume
hat the synchrotron frequencies are ordered as νm < ν < νc, where
m is the peak frequency and νc is the cooling frequency (Sari et al.
998). This corresponds to when light curves are expected to be in
he early decay phase. As such, we use a value of β = −(p − 1)/2
or all light curves in our sample, where p is the electron energy
ndex (Sari et al. 1998) and is assumed to be p = 2.36 (Curran et al.
010).
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Figure 2. The rest frame radio light curves at 8.5 GHz for the 81 GRBs in
our initial sample, with the light curves of the 16 GRBs selected for our final
sample overlaid. Measurements with SNR < 2 are excluded in this figure.

Figure 3. The 8.5 GHz light curve of GRB 980703, one of the GRBs in our
final sample of 16. The vertical dotted line marks 10 d. The two solid lines
are the fits to the data within 101±0.4 d and at >10 d. The two fits overlap
from 10 d up to 101+0.4 d.
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.3 Determining the luminosity and average rate of decay

irst, we choose the time at which we measure the luminosity and the
verage rate of decay from. This time must be early enough so that the
ight curves are still sufficiently bright, but not too early as to avoid
he rising phase. Motivated by the average light curve peak time of
.5 d in the rest frame in our sample of 81 selected light curves, we
hoose 10 d in the rest frame for this time. We therefore measure the
adio luminosity at 10 d, LRadio,10 d and average rate of decay from
0 d until the end of observations, α>10 d, using two separate power
aws of the form:

= Ntα, (3)

here N and α are the normalization and the index of the power law.
To constrain a single power-law fit, three or more data points

re required. As such, we define two time ranges (one for each
easurement) to fit independently with a single power law to each.
or the average rate of decay, this time range is simply ≥10 d. For

he luminosity at 10 d, we define a time range of ±0.4 dex (centred
n 10 d). This time range optimizes the number of light curves
ontaining three or more data points in this region while being small
nough to avoid contamination from the rising phase. Out of the 81
RBs in our sample, 52 do not have three or more data points in at

east one of the two time ranges (of 101±0.4 d or ≥10 d). We therefore
xclude these GRBs from further analysis as the power law cannot be
easonably constrained for at least one of the two fits. This reduced
ur sample from 81 GRBs to 29.
For each of these 29 GRBs, we fit a single power law to the

ata in each of the time ranges (of 101±0.4 d and ≥10 d) using the
mfitmodule in PYTHON. We then measure LRadio,10 d and α>10 d for
ach light curve. We measure LRadio,10 d by evaluating equation (3) at
= 10 d, using the best-fitting values of N and α for the power-law
t to the data within 101±0.4 d and convert this measurement into log
pace. Additionally, α>10 d is given by the best-fitting value of α for
he power-law fit to the data at ≥10 d. We note that individual light
urves may have unique features such as; plateaus, forward shock
ecays, and post jet-break decays (Nousek et al. 2006). However,
e use a single power law when measuring α>10 d regardless of any
nique features that an individual light curve may have, as we are
nly interested in the average rate of decay.
We only consider light curves which have well-constrained mea-

urements, and therefore select those which have an uncertainty of
0.5 on their measurements of α>10 d and log10

(
LRadio,10 d

)
. This

educed the sample from 29 GRBs to 16, constituting our final
ample. Fig. 2 shows the distribution of rest frame light curves in
he final sample of 16 GRBs overlaid on to the distribution of the
nitial sample of 81. Fig. 3 shows an example of an individual rest
rame light curve, GRB 980703, with the two single power-law fits
verlaid. Table 1 summarizes the parameters measured for each GRB
n the final sample. All of the GRBs in our final sample of 16 are
lassified as long GRBs (LGRBs) based on their T90 values, the time
ver which 90 per cent of the prompt emission is observed, exceeding
s (for the T90 values, see Abdo et al. 2009; Chandra & Frail 2012;
shall et al. 2019).

.4 Correlation analysis

e perform a Spearman’s rank test between the measurements of
Radio,10 d and α>10 d to determine if these parameters are correlated.
his is calculated using the scipy.stats module in PYTHON

Virtanen et al. 2020). We also perform a partial Spearman’s rank
est between these measurements of LRadio,10 d and α>10 d, wherein
he redshift is treated as a confounding variable (Kendall & Stuart
979). This determines the strength of the correlation after removing
he effect of redshift, and is calculated using the Pingouin module
n PYTHON (Vallat 2018).

We perform an error-weighted linear regression analysis of the
easurements of LRadio,10 d and α>10 d to characterize the relationship

etween these variables. Linear regression provides the least-squares
est-fitting parameters for the slope and intercept. The linear regres-
ion is calculated using the scipy.odr module in PYTHON which
as the advantage of weighting the calculation by the errors in both
ariables (Virtanen et al. 2020).

Errors on the Spearman’s rank coefficient and the linear regression
arameters are determined via Monte Carlo Bootstrap calculations
ue to the small sample size (<50; Isobe et al. 1990; Feigelson &
abu 1992). We randomly resample, with replacement, the measure-
ents of LRadio,10 d and α>10 d in pairs for 105 trials. For each trial, we
MNRAS 542, 2421–2430 (2025)
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Table 1. Parameters derived for the 16 GRBs in the final 8.5 GHz sample.
Column (1): GRB name, column (2): redshift, column (3): measured average
rate of decay ≥10 d, column (4): log of the measured luminosity at 10 d.

GRB Redshift α>10 d log10

(
LRadio,10 d

)

[erg s−1 Hz−1]
(1) (2) (3) (4)

970508 0.83 −0.55 ± 0.05 31.26 ± 0.09
980703 0.97 −0.87 ± 0.05 31.42 ± 0.08
991208 0.71 −0.87 ± 0.08 31.21 ± 0.11
000301C 2.04 −1.06 ± 0.13 31.75 ± 0.07
000418 1.12 −1.27 ± 0.08 31.61 ± 0.15
000911 1.06 −0.60 ± 0.40 30.40 ± 0.43
000926 2.04 −0.77 ± 0.17 31.71 ± 0.22
010222 1.48 −0.45 ± 0.20 30.73 ± 0.19
021004 2.33 −1.32 ± 0.05 32.07 ± 0.18
030329 0.17 −0.93 ± 0.04 31.03 ± 0.09
031203 0.11 −0.03 ± 0.09 28.98 ± 0.37
070125 1.55 −0.78 ± 0.09 31.78 ± 0.12
090902B 1.82 −0.58 ± 0.44 30.88 ± 0.23
091020 1.71 −0.64 ± 0.27 31.37 ± 0.11
100418A 0.62 0.09 ± 0.24 30.91 ± 0.22
161219B 0.15 −0.65 ± 0.07 29.44 ± 0.01

Note. GRB redshift references – 970508 (Bloom et al. 1998), 980703
(Djorgovski et al. 1998), 991208 (Castro-Tirado et al. 2001), 000301C (Jensen
et al. 2001), 000418 (Bloom et al. 2003), 000911 (Price et al. 2002), 000926
(Castro et al. 2003), 010222 (Mirabal et al. 2002), 021004 (Castro-Tirado
et al. 2010), 030329 (Thöne et al. 2007), 031203 (Margutti et al. 2007),
070125 (De Cia et al. 2011), 090902B (Cenko et al. 2011), 091020 (Xu et al.
2009), 100418A (de Ugarte Postigo et al. 2018), 161219B (Tanvir et al. 2016;
Cano et al. 2017).
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Figure 4. The average rate of decay from 10 d, α>10 d, against the log of
the radio luminosity at 10 d, LRadio,10 d, for the 16 GRBs in the final 8.5 GHz
sample. The solid line is the best-fitting linear regression and the dashed lines
are the 3σ (root-mean-square) deviation.
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alculate the Spearman’s rank coefficient and the linear regression
arameters and record these simulated results. After 105 trials, the
istributions of each simulated result are ordered by ascending value.
or each result, the ±1σ lower and upper errors are calculated by

aking the difference between the mean of the simulated results and
he 15.9th (lower) and the 84.1st (upper) percentile values of the
imulated results, respectively.

R ESULTS

.1 Luminosity–decay correlation

t is apparent in Fig. 2 that the distribution of luminosity is widest
t early times and becomes narrower at late times, suggesting the
resence of the correlation. Fig. 4 shows a plot of the average rate
f decay against the luminosity for each of the 16 light curves in the
nal sample with the linear regression fit overlaid. We calculate a
pearman’s rank coefficient of Rsp = −0.70 ± 0.13 at a significance
f >3σ , indicating a strong negative correlation between the intrinsic
uminosity at 10 d in the rest frame and the average rate of decay past
0 d in the rest frame, implying that more luminous radio afterglows
ecay more quickly on average than less luminous ones. To account
or any dependence of the correlation parameters on redshift, we
onduct a partial Spearman’s rank test wherein the redshift is treated
s a confounding variable. We calculate a partial Spearman’s rank
orrelation coefficient of −0.65 with a p value of 8.90 × 10−3. This
uggests that redshift does not cause the correlation. We calculate
linear regression slope and intercept of −0.29+0.19

−0.28 and 8.12+8.86
−5.88,

espectively.
NRAS 542, 2421–2430 (2025)
.2 Testing biases and assumptions

.2.1 Selection criteria and randomness

e examine the possibility that the observed correlation could be
ue to chance, or be artificially produced by our selection effects.
pecifically, the selection of afterglows with peak fluxes greater

han 100μJy. To address this and rule out these possibilities, we
un a Monte Carlo simulation in which we evaluate a single power
aw from 10 d (representing a synthetic light curve) using randomly
elected parameters, determine whether they meet our selection
riteria based on the synthetic peak flux, and test for the correlation
mongst those that do. Although the average peak time of the light
urves in our sample is 5.5 d, the light curves tend to have a slow
urnover in their transition from the rising phase to the decay phase
as seen most clearly in Fig. 2) meaning that the flux at 10 d still
emains relatively similar to the peak flux. Therefore, the simulated
ux of a single power law plotted from 10 d in our simulation
pproximately represents the peak fluxes as used in our selection
riteria.

For 106 trials, we randomly select (with replacement) a value
f LRadio,10 d, α>10 d, and redshift, from the uniform distributions of
ach parameter between the ranges of values in our sample. We
andomly select a value of LRadio,10 d and α>10 d to derive a synthetic
est frame light curve by evaluating a single power law (see equation
). The simulated light curve is converted to the observed frame
sing the randomly selected redshift, assuming the same value of

as in Section 2.2. We test if the synthetic observed frame light
urve meets our selection criteria and reject any light curves which
o not. We store the original values of LRadio,10 d and α>10 d for those
hat do. For each trial, this process is repeated until there are 16
ight curves which meet our selection criteria. We then test for a
orrelation between the 16 corresponding pairs of LRadio,10 d and
>10 d by running a Spearman’s rank test. Out of 106 trials, only 0.17
er cent of the simulated samples have Spearman’s rank coefficients
qual to or more negative than that of the real observed correlation.
his suggests that, at a confidence level of >3σ , the correlation

s intrinsic and is not produced by our selection criteria or by
hance.
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Figure 5. Log distribution of the isotropic γ -ray energy, Eiso, of the 16 GRBs
in our final sample and 121 GRBs observed with the Fermi/GBM (Poolakkil
et al. 2021). With a KS statistic of 0.15, our sample is not statistically different
from the wider population of LGRBs observed with the Fermi/GBM.
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Figure 6. The distribution of GRBs with radio observations per year (using a
bin size of two years). The distributions are shown for: GRBs in our catalogue
with radio follow-up at any frequency, GRBs with radio follow-up at 8.5 ±
0.1 GHz, GRBs observed at 8.5 ± 0.1 GHz which also have measured redshift
and a peak flux >100μJy, and our final sample of 16 GRBs.
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.2.2 Isotropic γ -ray energy bias

t is a possibility that the LGRBs in our final sample are not
epresentative of the wider LGRB population. For instance, we
elect those which are well sampled and have a measured redshift.
hese may introduce a bias towards brighter GRBs, as it is easier

o obtain a spectrum for brighter afterglows. Consequently, we test
ow the distribution of GRB isotropic γ -ray energy, Eiso, in our
nal sample compares to that of a wider sample of LGRBs. We
se Eiso values measured in the 1–10 000 keV range presented in
handra & Frail (2012) for our entire sample apart from that of
RB 161219B, which was retrieved from Ashall et al. (2019). For

he wider sample of LGRBs, we use Eiso values measured in the
–10 000 keV range (using the Band spectral model) by Fermi’s
amma-ray Burst Monitor (GBM) for 121 LGRBs (Poolakkil et al.
021). Fig. 5 shows these distributions. Additionally, we use a two
ample Kolmogorov–Smirnov (KS) test to quantify how these two
amples differ. We calculate a KS statistic of 0.15 and a p value of
.85, implying that the two distributions of Eiso are indeed drawn
rom the same population and, therefore, that our selected sample is
ot biased towards brighter GRBs. However, we note that the Eiso

alues for the GRBs in our final sample are measured by a range
f instruments, and therefore may have different band passes and
ensitivities compared to Fermi.

.2.3 Year of detection

ur final sample mostly consists of pre-Swift GRBs (up to 2005),
ith only 1 GRB after 2011. Fig. 6 shows the yearly distribution of
RBs in our catalogue for those observed at any frequency and those
bserved at 8.5 ± 0.1 GHz, also for those observed 8.5 ± 0.1 GHz
hich have a measured redshift and a peak flux of >100μJy (see
ection 2.1), and for our final sample. First, Fig. 6 indicates that
RBs are mainly followed-up at 8.5 ± 0.1 GHz, up until 2011 after
hich different frequency bands are used. This may be a contributing

actor as to why there is a lack of post-2011 GRBs in our final sample.
econdly, Fig. 6 shows that, out of those observed at 8.5 ± 0.1 GHz
ith a measured redshift and a peak flux of >100μJy, a relatively

arge fraction are selected for our final sample in the pre-Swift era
up to ∼2005) compared to in the early post-Swift era (between
2005–2011). Since we select GRBs for our final sample based on
ow well sampled their light curves are, we interpret this difference
s being due to post-Swift GRBs not being followed-up as extensively
t 8.5 ± 0.1 GHz as pre-Swift GRBs. This is another probable factor
xplaining why there are relatively few post-Swift GRBs (prior to
011) in our final sample. Finally, the number of GRBs with radio
ollow-up at any frequency is low from ∼2017 onwards. This may
e due to reduced follow-up, or more likely that the data for these
ecent GRBs has not yet been published.

We further investigated the absence of post-2011 GRBs from
ur final sample by looking at the light curves of notable exam-
les, including GRBs 130427A, 130907A, 171205A, 190114C, and
21009A. These GRBs make our initial cuts of having a measured
edshift and a peak flux of >100μJy at 8.5 ± 0.1 GHz but they are
xcluded from our final sample because they have less than three
ata points at 8.5 ± 0.1 GHz in at least one of the two time ranges
of 101±0.4 d or ≥10 d; see Section 2.3).

.2.4 Frequency range

s mentioned in Section 3.2.3, there are typically fewer GRBs
bserved at 8.5 ± 0.1 GHz per year after 2011. Furthermore, some
f the notable GRBs mentioned in Section 3.2.3 are well sampled
t different frequencies, such as 130427A at 4.8 GHz, 190114C
t 97.5 GHz, and GRB 221009A at 15.5 GHz. While others have
bservations covering a large range in frequency, but only a few data
oints per frequency, such as; 130907A from 5.0 to 24.5 GHz, and
71205A from 0.4 to 44 GHz. Therefore, by increasing our frequency
ange, we may be able to increase our sample size, and in particular,
nclude a larger number of GRBs observed post-2011.

Our primary reason for initially selecting data within a narrow
requency range of 8.5 ± 0.1 GHz was because afterglows exhibit
ignificant colour evolution around the peak. This is potentially due
o the passage of the peak synchrotron frequency, νm, through the
adio bands, implying that the peak luminosity, the peak time, and the
ime of the onset of the decay phase will be different in different radio
ands. Since we measure the luminosity soon after the light curves
eak, constructing our light curves using a wider range of frequencies
nstead of a single frequency would affect the measurements of the
MNRAS 542, 2421–2430 (2025)
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uminosity at 10 d, and increase scatter in our results. Disregarding
he possible effects of colour evolution, we increase the frequency
ange used to construct light curves to 8.5 ± 1.0 GHz, and to 8.5 ±
.0 GHz, and repeat the analysis. These wider frequency ranges result
n samples of 23 GRBs and 29 GRBs (including five and nine GRBs
fter 2011), respectively. For the 8.5 ± 1.0 GHz and 8.5 ± 8.0 GHz
requency ranges, we calculate Spearman’s rank coefficients of Rsp =
0.14 ± 0.26 and Rsp = −0.14 ± 0.20 respectively, as well as p

alues of 0.53 and 0.47, respectively.

.2.5 Spectral assumptions

hen k-correcting and converting the light curves to the rest frame
n Section 2.2, we assumed a spectral index for all light curves in the
ample. Since the light curves are decaying and we are considering
slow cooling environment, we assume a spectral regime of νm <

< νc and thus β = −(p − 1)/2 (Sari et al. 1998). However, for
he light curve k-correction and rest frame conversion in Chandra &
rail (2012) the spectral regime of ν < νm < νc was assumed, which
orresponds to a value of β = 1/3 and is representative of the rising
hase before νm has passsed through the radio band, instead of the
arly decay phase. To test the impact of this different choice of
pectral regime, we repeat the analysis but instead assume ν < νm,
hich corresponds to β = 1/3 as in Chandra & Frail (2012), and

ompare the difference.
This change in the value of β caused a negligible difference

n the results, the most noticeable of which are that the average
easurement of LRadio,10 d decreases from 2.8 × 1031 erg s−1 Hz−1 to
.1 × 1031 erg s−1 Hz−1, and the range in LRadio,10 d decreases from
3.1 to ∼2.6 dex. Using β = 1/3, we calculated a Spearman’s rank

oefficient of Rsp = −0.74 ± 0.13, a p value of 1.01 × 10−3, and a
inear regression slope of −0.34+0.29

−0.45.
As previously mentioned, we assumed the slow-cooling scenario

or our analysis. This is consistent with the findings of Levine et al.
2023) which suggests the slow-cooling scenario is favoured over the
ast-cooling scenario for a sample of radio afterglows that were found
o have a clear break and to be consistent with the standard fireball

odel. Nevertheless, we test how our assumption of slow-cooling
ay affect the correlation (despite being the expected scenario), by

epeating the analysis, assuming the fast-cooling scenario instead. In
his case, we use a value of β = −1/2 corresponding to the equivalent
f the early decay phase in this scenario; νc < ν < νm (Sari et al.
998), and calculate a Spearman’s rank coefficient of Rsp = −0.70 ±
.13, a p value of 2.58 × 10−3, and a linear regression slope of
0.30+0.21

−0.32. These results are consistent with those we find for the
low-cooling scenario, where β = −(p − 1)/2, indicating that the
orrelation is unlikely to be affected by assuming a different cooling
cenario or spectral regime.

.2.6 Measurement time

n Section 2.3, we chose 10 d in the rest frame as the optimal time
o measure the luminosity and the time from which we measure
he average decay index. We tested whether this time is optimal by
e-measuring the parameters at later times of 15, 20, and 25 d and
erforming the correlation analysis for comparison. The Spearman’s
ank values calculated at later times were weaker, ranging between
0.3 � Rsp � −0.25. Furthermore, the distribution of measured

uminosity decreases with each successive later time, with a decrease
n range from ∼3.1 to ∼2.6 dex and in standard deviation from ∼0.8
o ∼0.6 dex. This decrease in luminosity dispersion at later times
NRAS 542, 2421–2430 (2025)
an be seen graphically in Fig. 2 and suggests the presence of the
orrelation, as mentioned in Section 3.1. On this basis, we established
hat 10 d was the optimal time without being too late as to decrease
he range in measured luminosity. We could not go earlier than 10 d
s the light curves are rising.

.2.7 Measurement uncertainty

s detailed in Section 2.3, our final selection criterion is to select
ight curves which have an uncertainty of ≤0.5 on their measurements
f α>10 d and log10

(
LRadio,10 d

)
. We test the impact of this selection

riterion by relaxing this constraint and repeating the analysis. Using
arger thresholds of 0.75 and 1.0, we find the correlation is still
bserved but with slightly weaker Spearman’s rank coefficients of
sp = −0.57 ± 0.16 and Rsp = −0.62 ± 0.11, respectively, and p
alues of 1.06 × 10−2 and 1.52 × 10−3, respectively.

D ISCUSSION

e have shown that there is evidence for a luminosity–decay
orrelation in radio afterglows, suggesting that the brightest radio
ight curves decay on average more quickly than the faint ones, and
hat the correlation is not produced by chance or selection effects.
n this section, we compare the correlation in different wavebands,
e explore the potential causes of the correlation, and discuss the

pplication of the correlation to other relevant studies.

.1 Comparison with the correlation in other wavebands

s mentioned in Section 1, the luminosity–decay correlation has pre-
iously been observed in the optical/UV, X-ray, and GeV wavebands
nd is presented in Oates et al. (2012, 2015), Racusin et al. (2016),
inds et al. (2023), for each waveband, respectively.
First, we highlight and explain one immediate difference between

he correlation in the radio and these other wavebands. The luminos-
ty (and average rate of decay) were measured at (from) a rest frame
ime of 10 s in the GeV waveband, and 200 s in both the optical/UV
nd X-ray wavebands, whereas in the radio band these measurements
re made at (from) a rest frame time of 10 d. The need to measure the
arameters in the radio band at much later times compared to those in
he other wavebands can be explained in the context of the standard
fterglow model (as described in Section 1, and in Sari et al. 1998).
n the standard afterglow model, the peak synchrotron frequency,
m, decreases with time due to the hydrodynamical evolution of
he relativistic shock as it collides with the external medium and
ecelerates. At early times, the radio band is initially in the regime of
< νm which results in the light curves rising, as observed. At later

imes, νm shifts to lower frequencies until eventually the radio band
s in the regime of νm < ν and the radio light curves start to decay.
he optical, X-ray, and GeV bands are at higher frequencies than the

adio band, so νm shifts below these frequency bands much earlier
han it does for the radio band and consequently the light curves at
hese higher frequency bands start to decay much earlier. Thereby,
e are required to make measurements at much later times in the

adio band compared to the other wavebands in order to probe the
pectral regime of νm < ν when the light curves are decaying.

Table 2 summarizes the results of the correlation analysis in the
eV, optical, and X-ray bands. First we compare the Spearman’s rank

esults. The p values in each waveband are all �4 × 10−3 suggesting
hat, at a significance level of ∼3σ , none of these correlations
re observed due to chance. The correlation coefficient calculated
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Table 2. Comparison of the luminosity–decay correlation results for the radio sample and the other wavebands. Column (1): the waveband each sample belongs
to, column (2): number of GRBs in each sample, columns (3-4): Spearman’s rank correlation coefficient and null hypothesis, columns (5-6): partial Spearman’s
rank correlation coefficient and null hypothesis, columns (7-8): linear regression analysis gradient and intercept.

Spearman’s rank Partial Spearman’s rank Linear regression fit
Sample Number of GRBs Coefficient Null hypothesis Coefficient Null hypothesis Gradient Intercept
(1) (2) (3) (4) (5) (6) (7) (8)

Radioa 16 −0.70 ± 0.13 2.58 × 10−3 −0.65 8.90 × 10−3 −0.29+0.19
−0.28 8.12+8.86

−5.88

GeVb 13 −0.74 ± 0.19 4.11 × 10−3 −0.45 1.37 × 10−1 −0.31+0.12
−0.09 14.43+4.55

−5.97

Optical/UVc 48 −0.58 ± 0.11 1.90 × 10−5 −0.50 2.85 × 10−4 −0.28+0.04
−0.04 7.72+1.31

−1.31

X-rayd 237 −0.59 ± 0.09 8.03 × 10−8 −0.63 1.58 × 10−6 −0.27+0.04
−0.04 6.99+1.23

−1.11

aThis paper (frequency: 8.5 GHz)
bHinds et al. (2023)
cOates et al. (2012)
dRacusin et al. (2016)
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n the radio is consistent with those found at other wavelengths
ithin 1σ , suggesting that the strength of the correlation is similar

n each waveband. Next, we compare the linear regression results.
he gradients calculated in each waveband are consistent within 1σ ,
uggesting that the behaviour of the relationship is similar in each
aveband. Overall, this comparison suggests that the correlation is

tatistically significant, acts with similar strength, and has similar
ehaviour in different wavebands across the entire electromagnetic
pectrum.

.2 Potential causes of the correlation

.2.1 Constraints from the multiwavelength discovery

ur results show that the correlation is observed in multiple wave-
ands across the entire electromagnetic spectrum, covering 15 orders
f magnitude in frequency from GeV photons to radio photons
see Section 4.1). This supports the simple deduction that whatever
echanism is causing the correlation must be one which acts

chromatically: with similar strength and behaviour in all wavebands.
herefore, we can discard any mechanism, that could produce the
orrelation only (or more strongly) in a narrow or select waveband.
or example, the reverse shock, which is not expected to be the
ause of the correlation following that it is expected to produce more
mission in the optical and radio wavebands than in the X-ray, due to
he lower Lorentz factors (Sari et al. 1998; Kobayashi, Piran & Sari
999; Kobayashi 2001; Laskar et al. 2013; Rhodes et al. 2020; Bright
t al. 2023). This deduction was previously made and discussed in
ates et al. (2015), Racusin et al. (2016), Hinds et al. (2023) and is

urther supported here by the finding of the correlation in the radio
and (extending further across the electromagnetic spectrum) with
imilar correlation strength and behaviour to that observed in the
ther bands.
Although the reverse shock is not likely the cause of the correla-

ion, it can be a prominent source of radiation; particularly at longer
avelengths such as the radio band. As a result, we consider the
ossible effect of the reverse shock on the correlation in this specific
aveband. We searched the literature to determine if any GRBs in
ur sample have evidence of a significant reverse shock component
n their radio data. Most of the GRBs in our final sample (all aside
rom 091020) have been individually studied in detail in the radio
and. These studies indicate that only one GRB, 161219B, has firm
vidence of a significant reverse shock component in its radio light
urve (Laskar et al. 2018) and an additional two GRBs, 000926 and
21004, have possible signatures, but lack firm evidence (Harrison
t al. 2001; Kobayashi & Zhang 2003). Furthermore, in all three
ases, the (possible) reverse shock component is no longer dominant
y 10 d. Therefore, the reverse shock does not appear to be driving
he correlation in our sample of radio light curves.

.2.2 Afterglow models

he standard afterglow model is widely accepted as a means of
xplaining the production of multiwavelength GRB afterglows via
ynchrotron emission (Rees & Meszaros 1992; Meszaros & Rees
993, 1997; Sari et al. 1998). In Oates et al. (2015), Monte Carlo
imulations of a basic synchrotron afterglow model were used to
stablish the expected relationship between the early time luminosity
nd the average rate of decay in optical/UV and X-ray afterglows.
his model only considered emission from the forward shock and
ssumed a uniform medium, a uniform collimated jet, and no
ustained energy injection. They found that the relationship expected
etween these parameters from this model is not consistent with the
bserved relationship, implying that this model is unsuccessful in
xplaining the cause of the observed luminosity–decay correlation
t these frequencies. Instead, Oates et al. (2015) suggested that the
orrelation may be caused by a parameter/mechanism that was not
reviously considered in this basic afterglow model. As explained
n Section 4.2.1, this parameter/mechanism must be one which acts
chromatically, such as time-varying microphysical parameters (see
isra et al. 2021) or more complex circumburst density profiles, for

xample.
Alternatively, as afterglow emission is jetted, the correlation may

e related to geometric effects such as the observer’s viewing
ngle with respect to the jet axis. For example, afterglows that are
bserved off-axis, will be fainter, peak later, and have slower decline
ates compared to their on-axis counterparts (Granot et al. 2002;
anaitescu & Vestrand 2008). Therefore, a range in observer viewing
ngle is a possible cause of the correlation since those afterglows
hich are initially brighter and decay more quickly on average may
e attributed to GRBs which are viewed more on-axis. This was
reviously suggested as a possible cause in Oates et al. (2012), and
urther discussed in Oates et al. (2015), Racusin et al. (2016), Hinds
t al. (2023), and Gupta et al. (2024). The results of the correlation
bserved in radio afterglows (see Section 3) are consistent with this
uggestion, of the correlation being caused by geometric effects.

Structured outflows, in addition to viewing angles, will also affect
he observed light curve properties as shown in fig. 3 of Panaitescu &
estrand (2008). This means that jet structure may add complexity
MNRAS 542, 2421–2430 (2025)
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Figure 7. The 8.5 GHz luminosity measured at 10 d against the isotropic
equivalent gamma-ray energies. All Eiso values are from Chandra & Frail
(2012) apart from that of GRB 161219B, which is from Ashall et al. (2019).
There is a large degree of scatter and no statistically significant correlation is
recovered with a Spearman’s rank coefficient of 0.18 and a p value of 0.51.
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o this scenario, possibly affecting the slope and strength of the
orrelation as well as the degree of scatter.

If the correlation is due to the position of the observer relative to
he jet, we would expect to see a correlation between the viewing
ngle and the luminosity–decay plane in each waveband. This will
e investigated in Shilling et al. (in preparation). The correlation
eing due to viewing angle will also be explored using numerical
imulations in Turnbull et al. (in preparation). Further tests to
nderstand the cause of the correlation are detailed in Oates et al.
2012).

.3 Comparison with different studies

.3.1 Potentially different radio subclasses

ecently, Lloyd-Ronning & Fryer (2017); Lloyd-Ronning et al.
2019) studied a sample of Eiso > 1052 erg GRBs. They split their
ample of GRBs into radio-loud and radio-quiet categories depending
n whether they had a radio detection or not. Based on the relationship
etween radio detectability and Eiso, where radio detectability
ncreases with Eiso (as detailed in Chandra & Frail 2012), they argued
hat their high Eiso GRBs without radio detections are more likely
ntrinsically radio-quiet instead of having radio afterglows that are
imply undetected due to instrumentation sensitivity limits, and that
ontamination between the two categories is therefore reduced.

Lloyd-Ronning & Fryer (2017) and Lloyd-Ronning et al. (2019)
ound that LGRBs that are radio-quiet have intrinsically shorter
rompt durations than LGRBs that are radio-loud. On this basis, they
uggest that radio-loud and radio-quiet LGRBs may be two distinct
ubpopulations entirely based on the presence or absence (where
on-detections are not due to sensitivity limits) of radio emission.
imilar conclusions are found in Zhang et al. (2021) and, with a larger
nd updated sample, in Chakraborty et al. (2023). A progenitor-based
xplanation for the difference in observed properties is presented in
loyd-Ronning & Fryer (2017) and Lloyd-Ronning et al. (2019);
uch that, radio-loud LGRBs are produced by collapsars with a
lose binary companion and that radio-quiet LGRBs are produced
y isolated field collapsars. The possibility of this progenitor-based
xplanation is discussed further in Lloyd-Ronning (2022).

Our sample of 16 GRBs does not contain any GRBs without radio
fterglows, and therefore are exclusively radio-loud. Consequently,
e cannot use this correlation to test whether radio-loud and radio-
uiet GRBs are two distinct populations. We can only comment
hat radio-loud GRBs, at least those in our sample, do follow the
uminosity–decay correlation, such that more intrinsically bright
fterglows tend to decay on average more quickly. Examining the
orrelation in different wavebands, such as optical or X-ray, may be
etter suited for examining the possibility of radio-loud and -quiet
RBs belonging to two distinct populations. For instance, GRBs
ith X-ray afterglows could be split into two groups depending on

f they are radio-loud or -quiet and analysed to test if the correlation
s present, and consistent between, the two populations. This will be
xamined in Shilling et al. (in preparation).

.3.2 Isotropic γ -ray energy and radio luminosity

otivated by the correlation between Eiso and luminosity at 200 s
bserved in the optical/UV and X-ray bands in Oates et al. (2015),
e examine this correlative property in the radio band. Using the
nal sample of radio afterglows in this paper, we test for a correlation
etween Eiso (see Section 3.2.2) and the luminosity measured at 10 d,
s shown in Fig. 7. We calculate a Spearman’s rank coefficient of 0.18
NRAS 542, 2421–2430 (2025)
etween these properties and a p value of 0.51, which are insufficient
o infer a statistically significant correlation. Interestingly, this is
ontrary to the case in the optical/UV and X-ray bands where a
tatistically significant correlation is observed between Eiso and the
uminosity at the respective earlier times in each band. The lack of
n observed correlation between Eiso and LRadio,10 d in the radio is in
greement with the results in Chandra & Frail (2012) (shown in their
g. 20), where no correlation is found between Eiso and Lpeak in the
adio band. However, the distribution of Eiso and LRadio,10d shown in
ig. 7 suggests that GRBs with larger Eiso tend to be more luminous

n the radio band. This hints at a possible correlation, but a larger
ample would be needed to confirm or rule out this possibility.

.3.3 The plateau luminosity–time correlation

RB afterglows have been observed to have a feature in their light
urve resembling a plateau, which are believed to be driven by a
ustained period of continued energy injection from the GRB central
ngine (Nousek et al. 2006). Previous studies have discovered a
orrelation in multiple wavebands between the luminosity, L, at the
est frame time at the end of the plateau, Ta , and Ta itself. This
orrelation shows that afterglows that have a low luminosity at the
nd time of their plateau phase tend to have a plateau phase which
nds at a later time. The L(Ta)–Ta correlation was originally observed
n X-ray afterglows and subsequently in optical and radio afterglows
Dainotti et al. 2013, 2020; Levine et al. 2022). There has been
vidence to suggest that it may also exist in the GeV band (Dainotti
t al. 2021).

The L(Ta)–Ta correlation and the luminosity–decay correlation
re likely connected since they are both observed in the afterglow
hase, across multiple wavebands, and both use variables related to
he intrinsic brightness. Although it is unclear how exactly they are
onnected, we infer that whatever is causing one correlation must also
llow for the other. One benefit of the luminosity–decay correlation
s that it allows for more GRBs to be included in samples as it is
bserved in those with and without plateaus (see Racusin et al. 2016)
o can be applied to all GRBs, provided they are well sampled, while
he L(Ta)–Ta plateau correlation requires a plateau and thereby can
nly be observed in the ∼50 per cent of GRBs that have a plateau
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in the X-ray band) (Guglielmi et al. 2024) in addition to being well
ampled.

C O N C L U S I O N S

or a sample of 16 selected GRB afterglow 8.5 GHz radio light
urves, we measure the luminosity at 10 d in the rest frame,
Radio,10 d, and the average rate of decay past this time, α>10 d, using
simple power law. We find evidence of a correlation between

hese parameters, suggesting that GRB radio afterglows which
re initially bright tend to decay more quickly on average. The
orrelation has a Spearman’s rank coefficient of Rsp = −0.70 ± 0.13
t a significance of >3σ and a linear regression of α>10 d =
0.29+0.19

−0.28 log
(
LRadio,10 d

) + 8.12+8.86
−5.88. We test if the correlation is

roduced by chance or selection criteria by using a Monte Carlo
imulation, which suggests, at a confidence level of >3σ , that the
orrelation is indeed intrinsic and not produced by chance or selection
riteria.

We discuss the possible causes of the correlation. The correlation
oefficient and linear regression slope that we measure in the
adio band are consistent with their counterparts measured in the
ptical/UV, X-ray and GeV wavebands in previous studies at <1σ .
his suggests that the potential mechanism(s) causing the correlation
ust produce a similar correlation strength, and behaviour, in each
aveband. Given this constraint, one possible cause of the correlation

s jet geometry; such that the correlation could be caused by different
bserver viewing angles within the jet. For example, larger viewing
ngles can result in fainter and slower decaying light curves compared
o afterglows viewed more on-axis. Jet structure can affect observed
ight curve properties and therefore may also affect the correlation
roperties such as the Spearman’s rank strength, linear regression
lope, and scatter. An alternative possible cause of the correlation is
parameter/mechanism which regulates the energy release and the

verage rate of decay. This mechanism could cause the most luminous
adio afterglows to lose their energy more quickly than less luminous
fterglows. For instance, a time varying microphysical parameter –
uch as the electron energy distribution. Both of these scenarios, jet
eometry, and time varying microphysical parameter(s), should be
nvestigated further as possible causes of the correlation.

To enhance the sample size of this study, we encourage future GRB
adio follow-up observations to be taken at a common frequency
or all GRBs. Also, to increase the number of data points for each
ight curve and enable more detailed radio studies, we encourage
hat radio follow-up observations of afterglows be taken at regular
ntervals over the entire lifetime of each afterglow, from the initial
etection up until they fade below the instrument sensitivity limit.
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