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ABSTRACT

Gamma-ray bursts (GRBs) are one of the most energetic explosions known in the Universe and are also

known to have the most relativistic jets, with initial expansion Lorentz factors of 100 < Γi < 10001–7. Many

of these objects have a plateau in their early X-ray light curves (up to thousands of seconds)8–12. In

this phase, the X-ray flux decreases much slower than theoretically expected13 which has puzzled the

community for many years. Here, we show that the observed signal during this phase in both the X-ray

and the optical bands is naturally obtained within the classical GRB “fireball” model, provided that (i)

the initial Lorentz factor of the relativistically expanding jet is of the order of a few tens, rather than a

few hundreds, as is often cited in the literature, and (ii) the expansion occurs into a medium-low density

“wind” with density typically 3-4 orders of magnitude below the expectation from a Wolf-Rayet star14.

Within this framework, the end of the “plateau” phase (the beginning of the regular afterglow) marks the

transition from the coasting phase to the self-similar expansion phase, which follows the scaling laws

first derived by Blandford & McKee.15. This result therefore implies that the long GRB progenitors are

either (i) not Wolf-Rayet stars, or (ii) the properties of the wind ejected by these stars prior to their final

explosion are very different than the properties of the wind ejected at earlier times. This result shows

that the range of Lorentz factors in GRB jets is much wider than previously thought, and bridges an

observational ‘gap’ between mildly relativistic jets16 inferred in active galactic nuclei, Γi . 20, to the much

higher Lorentz factors, Γi . 1000 inferred in a few extreme GRBs7.

MAIN TEXT

One of the most puzzling results in the study of gamma-ray bursts (GRBs) is the existence of a long

“plateau” in the early X-ray light curve (up to thousands of seconds) of a significant fraction 43% of GRBs

until 200917 and 56% until 201912. This plateau, not predicted theoretically, was first detected by the Neil

Gehrels Swift Observatory18 in 2005, and despite the long time passed since its discovery, its origin is still

highly debate in the literature, with many authors suggesting various extensions to the classical “fireball”

model in order to explain it.

To investigate this issue, we use the sample of 222 GRBs with known redshifts and plateau phases as

defined in Ref.12. These GRBs were detected by the Neil Gehrels Swift Observatory from January 2005



until August 2019. They represent 56% of all GRBs with known redshifts observed by the Swift satellite

in this period.

In order to make our analysis as reliable as possible, we limit the bursts used to the ones having the

best quality observations. Therefore, we added three criteria to the one used by Ref.12. We require (i) a

long lasting (from 102 to 105 s) plateau phase with a temporal X-ray slope larger than −0.7, followed by a

power-law decay phase at later times (the self-similar phase). (ii) Sufficient number of data points (& 5)

during the plateau and self-similar phases to enable the fits to give well constrained parameter values (see

"Methods" below). For this to be valid, we exclude all X-ray flares from the analyzed data. We found 130

GRBs matching these criteria. (iii) Finally, we require an optical counterpart at around the same time as

the X-ray data. We searched the optical catalogue of Ref.19 and found 24 GRBs in our sample to have

optical counterpart. Out of these, we had full access to the optical data of 13 GRBs, which are listed in

Tables 1, 2, 3.

The key to understanding the observations is the realization that the end of the plateau corresponds to

the transition from a coasting phase (steady state in which all the energy has been converted to kinetic

energy) to a self-similar expansion phase (decaying phase in which the kinetic energy converted back to

the radiation by the shocks) of the expanding plasma. The observations originate entirely from ambient

electrons collected and heated by the forward shock wave, propagating at relativistic speeds inside a

"wind" (decaying density) ambient medium. As we show (see Method - ‘Theory’ below,) this assumption

about the decay of the ambient density is crucial in explaining the observations. During the transition

from the coasting to the decaying phases a reverse shock crosses the expanding plasma. However, the

contribution from electrons heated by the reverse shock is suppressed due to (i) the declining ambient

density, which implies that the ratio of plasma density to ambient density remains constant (in a conical

expansion), and (ii) its slower speed, which translates into less energetic electrons that emit at much lower

frequencies than forward shock heated electrons, implying that the contribution to the optical and X-ray

bands is negligible.

In analyzing the optical and X-ray light curves, we therefore expect two achromatic temporal breaks:

one during the transition from the coasting to the self-similar expansion (this marks the end of the

"plateau"); and a second, later break is the expected jet-break10. The temporal slopes during the plateau

phase, self-similar phase and after the jet break are marked as αp, αA1 and αA2 respectively and presented

in Tables 1 — 3. The transition times are marked as Ta and Tb (in some bursts a second break could not be

detected due to poor data quality at very late times).

The optical and X-ray light curves do not necessarily follow the same power law in either of the

dynamical phases (plateau or late-time afterglow). This can easily be understood in the framework of

synchrotron emission from forward-shock accelerated electrons. The electrons assume a power law

distribution with power law index p, namely Nel(γ)dγ ∝ γ−p above a minimum value γm; below this value,

it is safe to assume that the electrons have a Maxwellian (or quasi-Maxwellian) energy distribution13, 20.

This assumption leads to a broken power law spectra and light curves, whose shapes, in the relevant

observed bands, depend on whether the peak frequency, νm (corresponding to γm) is above or below

the cooling frequency, νc (corresponding to cooling γc for which the rate of energy lost by synchrotron

emission is equal to the rate of energy lost by adiabatic cooling). For a given observed frequency (optical

[typically, U-band]: νU or X-rays, νX), different possibilities of the expected light curve and spectra exist,

and are summarized in Table 4. The fast cooling regimes (νm > νc) are marked as [A], [B], [C] and the

slow cooling regimes (νm < νc) are marked as [D], [E], [F], respectively. At low frequencies, one needs to

consider synchrotron self-absorption, which can safely be neglected being below the optical frequency at

all observed times (see details in Methods, ‘Theoretical model’).

When analyzing the data, we split the sample into 3 categories based on the X-ray and optical light
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curves during the plateau phase (corresponding to Tables 1 — 3). These categories match very well the

theoretical predictions. Case I: a flat X-ray light curve (Fν ∝ t0.0..−0.2
obs. ), corresponding to regions [C] and

[F] in Table 4 and decaying optical light curve (Fν ∝ t−0.5..−0.7
obs. ), region [E] in Table 4. Theoretically, this

case corresponds to cooling frequency in between the optical and the X-ray bands, namely νU < νc < νX.

Case II: both the X-ray and the optical light curves are flat. Theoretically, this is expected for low cooling

frequency, νc < νU < νX. Case III: both X-ray and optical light curves are decaying. This is expected

when the cooling frequency is high, νU < νX < νc. Very interestingly, after excluding faint flares, all

GRBs in our sample fall into one of these three categories. Furthermore, these categories, selected by the

X-ray and optical light curves, seem to be associated with a given burst energy and duration of the plateau;

see Figure 1.

For each GRB, X-ray spectral slopes (βp for plateau phase, βA1 for self-similar phase, βA2 for the

spectral slope after the jet break21) for the same time range as the temporal slopes were obtained from the

online Swift repository and optical spectral slopes were retrieved from the literature (references are given

in Table 1 — 3). Using these spectral slopes, we further examine the validity of the theory by studying the

temporal and spectral slopes in both the X-ray and optical bands, in both the plateau and the self-similar

phases along side the theoretical predictions (the "closure relations") for the different relevant regimes

([C], [E], [F]) in Figures 2 and 3. From the Figures, it is clear that all the data - spectral and temporal, both

in X-ray and optical are consistent with the theoretical closure relations of the model.

Furthermore from the closure relation, we deduced the power law index p of the accelerated electrons.

We did this by fitting the light curves of both the optical and X-ray during both the plateau and afterglow

phases, under the assumption that the power law index of the accelerated electrons does not change in

between these dynamical phases. We calculated the best fitted value, consistent with all 4 independent

measurements, for both regions [E] and [F]. This is demonstrated in Figures 4 and 5. We find that for all

GRBs in our sample, the power law index, p is in the range 1.8 . p . 2.5. For those bursts whose X-ray

light curve is identified as being in region [E], the electron power law index is narrowly clustered around

p ≃ 2, while a larger spread is found for other GRBs. The results are summarized in Table 5.

We find that the optical data of 5/13 GRBs in our sample (listed in Table 2) are compatible with

being in region [F], implying that the cooling frequency at the end of the plateau phase is below the

observed optical band, νc < νU. For another 4/13 GRB (listed in Table 1), the optical light curve decays

(corresponding region [E]), while the X-ray light curve is flat, namely for these bursts νU < νc < νX. For

the remaining 4/13 GRBs (listed Table 3) both the optical and X-ray light curves decay, and are therefore

compatible with the cooling frequency being above the observed X-ray band νX < νc.

We use here a simple theoretical model: the well-studied synchrotron emission from a power law

distribution of electrons accelerated at the forward shock, generated when the outflow propagates into a

"wind" density profile, characterized by a decaying density, ρ(r) ∝ r−2. The excellent agreement between

the data and the theory enables us to use the data to determine or constrain the parameters of the outflow

and the wind, in particular the proportionality constant A⋆ of the wind density, the initial jet Lorentz factor,

Γi, the fraction of energy in the electrons, εe and the magnetization, εB. All relevant parameters used in

the fits are given in Table 6 (see details in Methods ‘Flux Ratio’). For the 9 GRBs in Tables 1 and 2, the

X-ray flux and the transition time that marks the end of the plateau phase, enable a direct deduction of

εe, while for the 4 GRBs in Table 3, only a lower limit is available. For the 4 GRBs in Table 1 we can

directly infer the combined value of A⋆Γ
4
i . For a given value of A⋆, the value of εB is solely determined.

Thus, an independent measure of εB enables to break the degeneracy. In Figure 6 we use known limits

(0.001 . εB ≤ 1.0) to constrain the values of A⋆ and Γi. For the 5 GRBs in Table 2, only a lower limit

on the value of εB can be deduced. This is still highly valuable, as physically εB < 1. For the 4 GRBs in

Table 3, only an upper limit on εB is obtained. We use these limits to constrain the combination of A⋆Γ
4
i .

3/40



They are presented in Table 7 and Figure 6. In the figure, the values of Γi and A⋆ are marked by lines, each

correspond to a different GRB. These are, from top to bottom: GRBs 080607, 110213A, 060714, 080310,

061121, 060605, 130831A, 091029, 050319, 060729, 060614, 100418A and 171205A. While directly

deduced values are marked by squares, upper and lower values are marked by arrows.

A histogram of the Γi for the 13 GRBs in our sample is shown in Figure 7. The average value of the

Lorentz factor deduced is 〈Γi〉 ≈ 85 (median is 68), although the range span is between 5 ≤ Γi ≤ 322.

These values may initially seem at odds with the typical values discussed in the literature, of Γi & 100 of

GRB jets. However, a closer look reveals that in fact there is no contradiction.

There are several ways of inferring the value of the Lorentz factor in GRB jets22. The most widely used

method is the opacity argument1–6, which is commonly used in deducing that observed GeV (LAT) photons

must originate from a region expanding at Γ & 100′s. This argument, though, is only valid when > MeV

photons are observed. A previous search23 of GRBs observed from 2008 until May 2016 by Fermi-LAT

that appeared in the 2nd catalogue24 which are fitted with a broken power behaviour, have the Test Statistic

T S > 64 and known redshift (in total 13 GRBs) demonstrates that 3 GRBs, out of the 13 show evidence

for a shallow decay phase in the LAT data; only one (the hard-short GRB 090510) show any evidence for a

decaying plateau in the Swift-XRT data. For this specific burst, the X-ray slope during the early afterglow

can only marginally identify it as having a plateau, (X-ray slope of 0.69+0.05
−0.06, vs. the −0.7 limit used in

this study). These are consistent with earlier findings by Ref.25 for 26 GRBs triggered by Swift-BAT and

subsequently detected by Fermi-LAT24 and/or Imaging Atmospheric Cherenkov Telescopes.

The second method relies on identifying an early optical flash as originating from the reverse

shock7, 26–29. Since the reverse shock exists during the transition from the coasting to the decaying

(self-similar) phase, identifying emission from it indicates the transition time, from which, assuming

the energy and ambient density are known, the initial Lorentz factor can be deduced. However, a clear

signature of a reverse shock emission is nearly never identified30–32 (as opposed to flares common to both

the X-ray and optical data33–37 and does not exist in any of the bursts in our sample.

When a strong thermal component exists during the prompt phase, it is possible to use it to infer the

Lorentz factor at the initial phase of the expansion38. We therefore searched (i) all bursts with known

strong thermal component as appeared in Refs.39–41. None of those showed any evidence for an X-ray

plateau. (ii) Similarly, none of the bursts in our sample show any evidence for a thermal emission.

To conclude, we find that in all cases where there is any evidence for an initial Lorentz factor Γi & a

few hundreds, no X-ray plateau exists, and vice versa: for all bursts that show a plateau, no significant

indication for high Lorentz factor exist, neither at high energy, thermal or optical photons. The results we

have here, therefore, complement and extend the known range of Lorentz factors in GRBs. The values of

A⋆ we find are in the range 2×10−4 −3×10−3 (see Figure 6). We therefore conclude that the expansion

occurs into a low-density “wind”, having density which is typically 3-4 orders of magnitude below the

expectation from a Wolf-Rayet star (A⋆ ≃ 0.5−1.0)28, 42, 43.

Clearly, the fact that a substantial fraction of GRBs have a Lorentz factor of tens rather than hundreds

bridges an important observational gap. Other astronomical objects known to have jets such as X-ray

binaries or active-galactic nuclei (AGNs) have mildly relativistic jets, with Γi . 20, while earlier estimates

of the initial Lorentz factor in GRB jets are in the hundreds. Our result, therefore implies that the range

of initial jet velocities that exist in nature does not have a ‘gap’ in this range Γi of tens, but is rather

continuous all the range from mildly relativistic to . 1000. This is shown by the histogram presented in

Figure 8.

Since its discovery in early 2005, a plethora of ideas aimed at explaining the X-ray plateau phase

appeared in the literature. The first and most commonly used idea is the continuous energy injection from

a central compact object which can be a newly formed black hole8, 10, 44–47 or a millisecond magnetar48–54.
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Other notable ideas include two components55–58 or multi component59 jet models; forward shock emission

in homogeneous media59; scattering by dust/modification of ambient density by gamma-ray trigger60, 61;

dominant reverse shock emission62–66; evolving micro-physical parameters46, 60; and viewing angle effects

in which the jets viewed from the off-axis59, 67–71. While each of these ideas is capable of explaining the

observed plateau under certain conditions, they all require an external addition to the basic "fireball" model

scenario, and in some cases they cannot address the full set of properties of the plateau phase (such as the

flux, slope or duration). A thorough discussion on the advantages and weak points of each of these ideas

appear in72. We provide a short comparison with some of the recent proposed ideas below in Methods.

Here, we consider a much simpler idea, which does not require any modification of the classical GRB

"fireball" model. Rather, we simply look at a different region of the parameter space: a flow having an

initial Lorentz factor of the order of few tens, propagating into a "wind" environment, with a typical

density of 3-4 orders of magnitude below the expectation from a wind produced by a Wolf-Rayet star. We

follow a similar idea that was proposed by Ref.73, but did not gain popularity, as (i) the deduced values of

the Lorentz factor are lower than the ‘fiducial’ values, Γi & 100; and (ii) it was mistakenly claimed that

this model can only account for achromatic afterglow, and can therefore explain only a sub-sample of

the GRB population72. As we showed here, there is no contradiction in the deduced value of the Lorentz

factor, and the claim for an achromatic afterglow break is incorrect, as the optical and X-ray bands are not

necessary in the same regimes. In our work, we considerably extended this simple idea both theoretically

and on the data analysis side. We show that whenever there is enough data to perform a fit in both X-ray

and optical bands, the break time in between these two bands is compatible and data in both bands can be

interpreted within a single theoretical model. We further carried out a more careful analysis on a much

larger data set, allowing larger freedom (more than a single break) and removal of flares on both the X-ray

and optical data. We extended the theory to include all possible regimes, thereby showed that different

light curves all agree with the same theory. We then showed how this data can be used to infer the values

of the density, Lorentz factor, magnetization and fraction of energy carried by the electrons.

While the idea presented in this work is very simple, clearly it has a very far reaching consequences:

[a] On the nature of long GRB progenitors, which can either (i) not be a Wolf-Rayet star, or (ii) imply

that the properties of the wind ejected by these stars prior to their final explosion is very different than the

properties of the wind ejected at earlier times. [b] On our understanding of the nature of the explosion

itself, which produce a much wider range of initial jet Lorentz factor, and in many cases are in the range

of tens and in others are in the hundreds.
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Methods

Sample and data analysis

We use the sample of 222 GRBs with plateau phase defined in, Ref.12 (see also Refs.19, 74–76). These

GRBs were detected by the Neil Gehrels Swift Observatory18 from January 2005 until August 2019 with

known redshifts 1. They represent the 56% of GRBs (394) with known redshifts observed by the Swift

satellite in this period. To define this sample, two criteria are used by Ref.12, the X-ray light curve of

GRBs must have at least one data point in the beginning of the plateau phase and a plateau angle smaller

than 41◦. The choice of the 41◦ comes from the analysis performed in Refs.77, 78 to allow a more reliable

identification of the plateau itself. The plateau phase is identified by fitting the Swift-BAT and XRT data

together with the phenomenological Willingale model79.

In order to make our analysis as reliable as possible, we limit the burst used to the ones having the best

quality observations. Therefore, we added three further criteria to the ones used by Ref.12. We require (i)

a long lasting (from 102 to 105 s) plateau phase with a temporal X-ray slope smaller than −0.7, followed

by a power-law decay phase at later times (the self-similar phase). (ii) Sufficient number of data points

(& 5 which correspond to the number of parameters used to fit the data with one break) during the plateau

and self-similar phases to enable the fits to give well constrained parameter values. For this to be valid, we

excluded all X-ray flares (see Ref.10 figure 1 there in) 2 defined in the online Swift repository 3 from the

analyzed data. When, after removing the flares we end up having too few data points either during the

plateau or the self-similar phase, we excluded the GRB from the analysis.

1https://www.mpe.mpg.de/~jcg/grbgen.html
2Flares share many properties with prompt emission pulses. They are mainly linked to the late central engine activities10, 80.

They cause steeper slope during both plateau and self-similar phase81–85. Moreover, Ref.86 show that flares can not be produced

in the forward shock.
3https://www.swift.ac.uk/xrt_live_cat/
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After doing this, we ended up with 130 GRBs having a well-defined X-ray plateau emission that is

followed by a power-law decay phase (the late afterglow, or self-similar phase).

Our last criteria is to have an optical counterpart at around the same time as X-ray data. We find 24

GRBs in Ref.19 consistent with these criteria. However, we only have full access to the published optical

data. Therefore, we carried out the application of the theoretical model for a representative sample consist

of 13 GRBs listed in Table 1, 2, 3.

X-ray data and fitting processes

The X-ray light curves (LCs)87 have been downloaded from the online Swift repository 4, and have a signal

to noise ratio of 4:1 with the Swift-XRT bandpass (Emin,Emax) = (0.3,10) keV. We then fit them with a two

or three-segments broken power law (BPL) model (i.e. with one or two break times) depending on the

required break during the late afterglow phase (self-similar phase), the latter break generally coincides

with a jet break (see the canonical X-ray afterglow light curve 5 in Ref.10, figure 1 there in).

During the fit, we excluded the early steep decay segment and high-level emission bumps following

the GRB tails (see Ref.10 figure 1 there in) defined in the online Swift repository 6. In addition, we

removed any effect by flares. These kinds of faint flares are not being defined in the online Swift repository,

however, they affect the definition of the break time at the end of the plateau phase (Ta) in individual

GRB light curves. Comparing the optical and the X-ray break times we found that the X-ray break time

(2.8±0.6×103 s) in the LC of GRB 091029 is earlier than the optical one. This is in contrast with the

theoretical expectation that due to the rise in the cooling frequency the transition time is expected to be

earlier in the optical band than in the X-ray band. Therefore, by checking the BAT and XRT unabsorbed

flux density light curves at 10 keV obtained from the online Swift burst analyser repository, we define a

flare between 1379−2421 s in the X-ray LC of GRB 091029. Then we objectively removed this flare

in the X-ray LC of this burst. It is also important to note that the flares in the online Swift repository 7

defined by using the phenomenological Willingale model79 where they stated that flare identification are

indicative, rather than precise.

It is also known that the data obtained by window timing (WT) mode can be effected more from the

high latitude emission than the data obtained by photon counting (PC) mode because the WT mode is

usually taken at early times as it measures the flux better when the source is bright (see Ref.17 for more

explanation). Such light curves (WT+PC mode data) require special attention to see if there is an effect

on the slopes. Therefore, we only used PC mode of the detector data even if WT mode data exist (GRB

061121 and GRB 060605). As a result, we obtained X-ray temporal slopes (αp,X, αA1,X, αA2,X) and the

time of the transition between the two components, Ta,X as well as the time of the jet break Tb,X.

An example for the fitting process: To visualise the fitting processes, we illustrate in Figure 9 the

X-ray count light curve obtained from GRB 060614 by the Swift-XRT instrument (during PC mode) with

a three-segments BPL model (i.e. with two break times). To perform the fit, we use a Bayesian analysis

tool called emcee 8. We set up the computation with the 64 MCMC walkers, 100 burn-in periods and the

5000 MCMC steps. We chose these steps taking into account the autocorrelation time. The value of the

MCMC steps can slightly change for each GRB depending on the autocorrelation time but the choice

4https://www.swift.ac.uk/xrt_curves/
5The canonical X-ray afterglow light curve shows five distinct components: the steep decay phase, which is the tail of

prompt emission; the shallow decay phase (or plateau); the normal decay phase; the late steepening phase; X-ray flares.
6https://www.swift.ac.uk/xrt_live_cat/
7https://www.swift.ac.uk/xrt_live_cat/docs.php
8which is an MIT licensed pure-Python implementation of Goodman & Weare’s Affine Invariant Markov chain Monte Carlo

(MCMC) Ensemble sampler88
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of 5000 steps is the one that guarantees that the autocorrelation time is always taken into account. We

employ prior distributions for the fit parameters which are −5 < N < 5; −5 < αp < 5; −5 < αA1 < 5;

−5 < αA2 < 5; 2 < Ta < 4.5; Ta < Tb; 4.5 < Tb < 6.0 and −15 < logV < 12 where V is intrinsic scatter

of the data points. However, these ranges can change depending on the shape of LCs and unit of the data

(e.g., count light curve or AB magnitude). We use the uniform (so-called "informative") priors on each

parameter except V assumed to have a log uniform prior. The fit parameters are presented in Table 8. The

corner plot of the posterior probability distributions of fit parameters and the covariances between the fit

parameters are presented in Figure 10.

The temporal fit parameters in the X-ray band obtained for 13 GRBs are presented in the Tables 1, 2,

3, for different cases; case I, case II, and case III respectively. Definition of these cases are explained in

the main text above.

The X-ray spectral slopes (βp,X, βA1,X, βA2,X) of the 12/13 GRBs (except 060729) for the same time

range as the temporal slopes are obtained from the same online Swift repository 9 and presented in Tables

1, 2, 3. It is important to note that the photon index (which is equal to β +1 where the β is spectral index)

is presented in the online Swift repository. For the GRB 060729, we use the SED result from Ref.89 since

the spectral fit result was not present in the online Swift repository. These X-ray spectral and temporal

parameters are combined into the closure relation (Fν ∝ t−αν−β ) in Figure 2 and 3 together with temporal

slopes obtained from the temporal fit.

Cautions for the X-ray fit results of a few GRBs:

• GRB 060605: The X-ray LC has a flare at the beginning of the plateau phase between 350 s and

600 s which is not defined in the online Swift repository but it is clearly seen in flux density LC from

the burst analysis repository 10. However, due to the lack of the data points at the end of the plateau

phase it is not possible to remove this flare. Because we either end up fitting only the late afterglow

(self-similar) data or fitting the data with only one data point at the beginning of the plateau phase

which causes unconstrained fit parameters. Therefore, we present the result with this flare in Table

3, however, we think that this flare effects the optical data more than the X-ray data (see Method

‘Optical data’ below).

• GRB 080607: Fit results in Table 1 show that this LC has a flat slope with larger errors. This is due

to lack of the data points at the end of the X-ray plateau phase. The slope after the plateau phase is

quite steep, however, later (last) slope is more compatible with what is expected from the self-similar

phase. It is important to mention that this LC has two flares (between 86.0-98.8 s and 114-187 s

respectively) defined in the online Swift repository before the plateau phase. Slopes (−2.27+0.07
−0.07 and

−1.42+0.25
−0.30 with a break at 341+31

−28 s) after these flares are very similar to the slopes found after the

plateau phase. Therefore, either another flare might exist during this lack of the data or the plateau

slope might be steeper with later break than Ta,X defined here.

• GRB 130831A: The lack of data in the X-ray LC affects the definition of Ta,X. We tried to fit

the light curve with two breaks, and found that logTa,X = 3.08+0.28
−0.18 s in this case. This break

is consistent with being achromatic in both X-ray and optical bands (see Method ‘Optical data’

below). However, due to the large error bars, caused by the few data points exist during the plateau

phase, we found that fitting the light curve with a single break provides better fit, and we therefore

9https://www.swift.ac.uk/xrt_live_cut/
10https://www.swift.ac.uk/burst_analyser
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used the value presented in Table 1. In addition, we also define a faint flare between 595−811 s

which coincides with an optical flare and is not defined in the online Swift repository. The result

without this flare show that the both slopes (−0.80+0.03
−0.03 and −0.98+0.06

−0.06 respectively with a break at

1.0+0.25
−0.16 ×104 s) are consistent with the expected slope (∼−1.2) in a self-similar phase. This result

is also consistent with a previous study in Ref.90. We conclude that either this GRB is not the best

representation of the GRBs that show plateau phase or the lack of the data is misleading the results.

These three above examples clearly show that both the flare and lack of the data definitely affect the

slopes and definition of the break (e.g. Ta,X) during the temporal fitting.

Optical data and fitting process

We collected the optical data from the literature. Whenever we found published optical data of an individual

GRB (091029, 110213A, 130831A, 171205A) obtained with different instruments we use it in our analysis

and performed the temporal fitting simultaneously in each band. Our aim here to reduce the dependence

on a single instrument and a single band. Details for each GRB are as follows:

• GRB 091029: The photometric data set obtained in Ref.91 in their tables 5, 6, 7, 8, 9. Since all the

data were presented in the AB magnitude, we used it in performing the fit. We fit the data between

427.7 and 2×105 s with a three-segment broken power law model (i.e. with two break times). The

start time corresponds to the peak time of the optical LC, and the first break is at 3.7+0.3
−0.2 ×103 s.

This break marks the start of the plateau phase. The early (before the plateau) slope is −0.60+0.02
−0.01.

The other fitted parameters, including the second break time and the other slopes are given in Table

1. The end time of our analysis is set by flattening of the optical data (in U-band), likely caused by

an external source such as the host galaxy. To interpret the parameters in the νFν space, we multiply

these slopes by a constant 1/2.5 11. We followed the same procedure for the other GRBs listed below

after converting the magnitude to an AB magnitude if it is not already done.

• GRB 110213A: The photometric observations are obtained from Ref.92 in their table 4. This GRB

has two peaks in its optical light curve, a main peak is at 263 s and a secondary peak is at 4827 s.

When calculating the slope during the plateau phase, we neglect the contribution from the second

peak, which we interpret as a small flare (reverse shock). This flare can also be seen the BAT and

XRT unabsorbed flux density light curves at 10 keV in the the online Swift burst analyser repository.

This flare cause rising slope during the X-ray plateau phase, however, it has a negligible effect on

the the definition of break time at the end of the plateau phase. The fit parameters are presented in

Table 1.

• GRB 130831A: The photometric data of the afterglow of this burst is obtained from the VizieR

Online Data Catalog93. We removed the optical data between 425 — 3400 s since we found that

the temporal slopes before and after this flare are equal. The end time of our analysis is set by the

flattening of the light curves in Rc and Ic bands (this flattening is seen shortly after in all bands) likely

caused by an external source such as the host galaxy. After doing so, the end time is at 1.03×105 s

which we find to be similar to the end of the X-ray data. The fit parameters are presented in Table 1.

• GRB 171205A: The photometric data-set are obtained from the online link given in Ref.94. Since

this GRB is associated to the SN 2017iuk, the optical data started to rise at Tb,O = 1.73× 105 s

11This constant comes from the magnitude to the flux conversion formula: mAB =−2.5 log fν − (48.585±0.005)
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(≈ 2 days). We fit all the data before the peak of the supernovae (SN) at 9.51× 105 s with two

breaks: the first break (Ta,O) represents the transition from plateau to self-similar and the second

break, at Tb,O marks the rise of the optical light curve due to the supernovae contribution. The fit

parameters are presented in Table 2. Caution for the fit results: We find the obtained slopes to

be somewhat shallower (or slightly rising) than in other bursts. We believe that this may be due to

some contribution from the SN. Similarly, the break time Ta,O occurs quite early in the optical band

than the X-ray band.

We further use the optical data from Ref.89 (their table 8) for the data of GRBs 050319, 060605,

080607, 100418A. In that paper, they also collect all data available in the literature, obtained with different

instruments. In our analysis, we excluded data of GRB 100418A since it was reported only in the GCN

(Gamma-ray Coordination Network) and no detailed data reduction is available.

• GRB 050319: We fit all the data excluding the last two data points detected after 5.34× 105 s

which corresponds to the end of the X-ray data. At this time there is a possible break in the optical

band, leading to a slope steeper than −1.2 at later times. However, it is difficult to draw any firm

conclusion with only two data points. Even though we fit all the data with two temporal breaks

before that time, we only present the plateau and self-similar phase slopes with a single break

in Table 3, because the data at early times are from before the beginning of the X-ray plateau

phase. In addition, we find that differences between these three slopes are quite small: early (before

the plateau) slope is −0.41+0.02
−0.01, plateau slope is −0.59+0.01

−0.01 and the slope during the self-similar

expansion is −0.64+0.02
−0.01. The first break time, 371+31.6

−28.6 s is too early to be considered as the end

of the plateau phase. Moreover, fitting only data obtained by Rc and Ic bands (most of the data

obtained in these bands) does not change the result.

• GRB 060605: We fit the data between 185 s and 2×104 s with two temporal breaks. The start time

of the fit coincides with the peak of the optical bump in the optical data, and it further coincides

with the beginning of the X-ray data. The end time corresponds to the time at which the optical

data flattens in all bands. Caution for the fit results: In Table 3, we only present the second (last)

break time and two slopes interpreted as plateau and self-similar slopes since the slope at early times
(

0.18+0.01
−0.02

)

and the first break, at 586+31
−43 s (the beginning of plateau phase) correspond to a faint

flare in the X-ray data (see more information above in Method ‘X-ray data’).

• GRB 080607: This LC has three breaks at 89 s, 793+77
−64 s and Ta,O = 2.55+0.26

−0.12 ×103 s. We fit the

data starting at 89 s with the two later breaks because we are interested in late time evolution. In

Table 3, we present the last break (Ta,O) and last two slopes. Caution for the fit results: The slope

before the plateau phase is −1.22+0.01
−0.02 which is similar to the slope during the self-similar phase.

The plateau phase in the optical band is clearly defined with complete data-set and more reliable

than the one seen in the X-ray band due to the lack of data (see more information above in Method

‘X-ray data’).

The optical LC of the rest of the GRBs (060614, 060714, 060729, 061121, 080310) in our sample are

taken from Ref.7 (see Ref.95 for the details). These data were only obtained by the Swift Ultraviolet/Optical

(UVOT) instrument: V, B, U, W1, M2 and W2. In Ref.7, all the LCs were normalized to the U band when

analyzing the data.

• GRB 060614: We fit the data in the time range 4.84×103 — 8.39×105 s. The LC at early times

(113.16 — 379.87 s) has a steep decay which coincide by the steep decay in X-ray data in WT mode
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and is therefore interpreted as the end of the prompt phase. At later times (> 8.39×105 s) the LC

flattens which is interpreted as host galaxy contribution. The fit parameters are presented in Table 2.

• GRB 060714: We exclude the last data point (at 1.49×107 s) from the fit since it is a clear outlier.

With 8 data points before this last one it is clear that there is a break where Ta,X is defined and the

parameters are constrained. Including this last data point would be misleading the fit results. It is

also important to note that the data points after 105 s have huge errors. Moreover, we also did not

include the negative count rates with larger errors, because they only show no detected in that time

range. The fit parameters are presented in Table 1.

• GRB 060729: We fit the data in the time range 266 — 1.12×106 s. At earlier times, the optical

flux rises, and at later times it flattens with a possible break at 6.16+0.02
−0.03, and the slope −0.16+0.07

−0.07.

The fit parameters are presented in Table 2.

• GRB 061121: We fit the data in the time range 104.97 — 1.66× 105 s. The LC at early times

(69.19 — 89.97 s) has optical flare which coincides with the X-ray flare defined in the online Swift

repository, and at later times it flattens. We further exclude the early optical bump seen in the time

range 143.45 - 568.48 s to avoid the miss identification of the plateau slope and the break time Ta. If

our fit would include the decay of this bump (namely, starting at 230 s), we would obtain decaying

slope −1.01+0.05
−0.06, with a break time at logT = 3.12+0.06

−0.06 s. However, we would find that the later

slopes (−0.45+0.06
−0.05, −0.93+0.07

−0.08 respectively) and the later break time (logTa = 4.08+0.10
−0.10 s) would

be compatible with the fit parameters presented in Table 3.

• GRB 080310: We exclude the first data point (at 132.39 s) from the fit because it is an outlier (it is

way below the other data points during the plateau phase). This data can be part of the rise at early

time in the optical data. Such a rise is clearly seen in some of the optical LC in our sample (e.g.,

GRB 060605). Moreover, we also did not include the negative count rate with larger error, because

it only show no detection in that time. The fit parameters are presented in Table 2.

Optical spectral slopes (βp,O, βA1,O, βA2,O) of 12/13 GRBs in our sample (all except GRB 130831A)

are obtained from the literature: data of GRBs 050319, 060605, 060614, 060729, 061121, 080310, 080607

and 100418A are presented in Ref.89; GRB060714 in Ref.96; GRB091029 in Ref.91; GRB110213A in

Ref.92; and GRB171205A in Ref.94. We present these slopes in Tables 1, 2, 3 for the different cases;

case I, case II, case III respectively. These spectral slopes are also combined into the closure relation

(Fν ∝ t−αν−β ) in Figure 2 and 3 together with temporal slopes obtained from the optical temporal fit.

Flux Ratio

X-ray energy flux (νFν ): Unabsorbed flux density (Fν ) light curves of the BAT and XRT at 10 keV17 are

obtained from the online Swift burst analyser repository 12. These flux density LCs have already been

corrected for absorptions from both the galactic and host galaxy. In our analysis, we convert these light

curves from flux density (Jy) to energy flux (erg cm−2 s−1) at 10 keV (ν = 2.42×1018 Hz). Then we

used these energy flux LCs to compute νFν X-ray flux at the end of the plateau phase (Ta,X) and at a

particular time (typically, 1000 s).

Optical energy flux (νFν ): In computing the energy flux in the optical band, all the LCs are corrected

for both galactic and host galaxy extinctions. i) The galactic extinction along the line of sight are obtained

12https://www.swift.ac.uk/burst_analyser/
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from the IRSA webpage 13 for U band-pass using the method introduced in Ref.97. ii) The extragalactic

reddening E(B - V) of all GRBs (except GRBs 060714 and 100418A) are obtained during the plateau

phase and the references are listed in Table 9. We first used these values to compute the host galaxy

extinctions in the V-band (except for 060714 which has Av in Ref.98). Second, we use these extinctions

and the method introduced in Ref.99 to compute the host galaxy extinction in U band. Both extinctions

(galactic and host galaxy) for each GRBs are presented in Table 9. Note that flux density of four GRBs

(050319, 060605, 080607, 100418A) taken from Ref.89 are already corrected for both galactic and host

extinction in that paper.

• For six GRBs (060614, 060714, 060729, 061121, 080310 and 091029), the optical count rate LCs

from Ref.7 are used to compute the U band energy flux LCs. For the conversion, we used the U

band count rate to flux conversion factor (1.628×10−16 erg cm−2 Angstrom−1 counts−1) provided

in the UVOT calibration webside 14 and labelled as count rate to flux ratio in table 2 there in. Then

we computed the energy flux (νFν ) LCs, where ν is taken at the U-band (8.65×1014 Hz). These

U-band energy flux LCs are used to compute the νFν(U) optical flux at Ta,X and at a given time

(∼ 1000 s which is called a reference time Tref.,U).

For the GRBs which are not presented in Ref.7 we followed a different procedure:

i) For the GRBs in Ref.89 (050319, 060605, 080707, 100418), the νFν optical flux at the end of the

X-ray plateau phase (Ta,X) are obtained from the flux density LC in table 7 of the online material in

Ref.89. In these cases, the frequency ν is different for each GRBs (V band = 5.48×1014 Hz, CR

and RC bands = 4.55×1014 Hz, white band = 7.79×1014 Hz, see Table 9 below). For consistency,

whenever possible we used the U-band in calculating the LC. When U-band data was not available,

we used other bands. We do note that in such cases, the differences between different optical bands

(∼ 1015 Hz) are quite small compared to the X-ray band (∼ 1018 Hz).

ii) For the other GRBs not presented in Ref.89 (110213A, 130831A, 171205A), we followed the same

procedure as in appendix A of Ref.89 to convert the optical data (AB magnitude) to the optical

energy flux (νFν ) light curve in the U band.

Energy flux ratio: Both νFν(X) and νFν(U) fluxes at Ta,X are used to compute the energy flux ratio

between X-ray and optical bands, and are presented in Table 7.

Isotropic energy: The Swift-BAT observations are carried in a relatively narrow energy range (15–150

keV). Thus, to compute the isotropic energy Eiso, we followed the same method presented in Ref.100.

In this method, a simple power-law spectral model adopted i.e., φ(E) = Eαγ , where φ(E) is the source

photon spectrum and αγ is the photon spectral index, to calculate the isotropic-equivalent energy, Eiso

taking into account the k-correction:

Eiso =
4πd2

LS

(1+ z)3−αγ
. (1)

where, S is BAT fluence (15-150 keV). Both S and αγ are taken from the Swift GRB table 15, dL(z) is the

luminosity distance calculated assuming a flat ΛCDM cosmological model with cosmological parameters

Ωm = 0.286 and H0 = 70 km s−1 Mpc−1 in CosmoCalc 16, and z is the redshift.

13https://irsa.ipac.caltech.edu/applications/DUST/
14https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/swift/docs/uvot/index.html
15https://swift.gsfc.nasa.gov/archive/grb_table/
16http://www.astro.ucla.edu/~wright/CosmoCalc.html101
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The various parameters relevant to our study are listed in Table 6: (i) the GRB name, (ii) its redshift

(z), (iii) the luminosity distance (dL), (iv) fluence (S), (v) photon spectral index (αγ ), (vi) isotropic energy

(Eiso), (vii) the time at the end of the X-ray plateau phase (Ta,X), (viii) νFν X-ray flux and (ix) νFν optical

(U band) flux at Ta,X, (x) a reference time in the optical band called Tref.,U (typically at around 1000 s), (xi)

νFν X-ray flux and (xii) νFν optical (U band) flux at the reference time Tref.,U. The isotropic energy (Eiso)

and a time at the end of the X-ray plateau phase (Ta,X), firstly discovered by Ref.102–104, are presented in

Figure 1.

Theoretical model
The key to understanding the observed signal is the realization that the end of the plateau corresponds to

the transition from a coasting phase to a self-similar (decaying) expansion phase of the expanding plasma.

The observed signal originates entirely from ambient electrons collected and heated by the forward shock

wave, propagating at relativistic speeds inside a "wind" (decaying density) ambient medium. During

the transition from the coasting to the decaying phases a reverse shock crosses the expanding plasma.

However, contribution from electrons heated by the reverse shock is suppressed due to (i) the declining

ambient density which implies that the ratio of plasma density to ambient density remains constant (in a

conical expansion), and (ii) its slower speed, which translates into less energetic electrons that emit at

much lower frequencies than forward shock heated electrons, implying that the contribution to the optical

and X-ray bands is negligible.

To understand how this transition affects the observed spectra, we first describe the radiative mechanism

adopted, which is the classical synchrotron emission from a power-law distribution of electrons, assuming

a power law index p, namely Nel(γ)dγ ∝ γ−p above a minimum value γm; below this value, it is safe

to assume that the electrons have a Maxwellian (or quasi-Maxwellian) energy distribution13, 20. This

assumption leads to a broken power law spectrum, whose shape, in the relevant observed bands (frequency

ν), depends on whether the peak frequency, νm (defined in Equation 4) is above or below the cooling

frequency, νc (defined in Equation 5). At low frequencies, one needs to consider the self-absorption

frequency, which is neglected here being below the optical frequency.

For νm > νc (the so-called "fast cooling" regime, expected at early times), the possibilities (marked

[A]–[C]) are

Fν = Fνmax ×











ν
−1/3
c ν1/3 ν < νc < νm [A]

ν
1/2
c ν−1/2 νc < ν < νm [B]

ν
(p−1)/2
m ν

1/2
c ν−p/2 νc < νm < ν [C]

(2)

At later times, νm < νc and the plasma enters the "slow cooling" regime, in which (regions [D]–[F])

Fν = Fνmax ×











ν
−1/3
m ν1/3 ν < νm < νc [D]

ν
(p−1)/2
m ν−(p−1)/2 νm < ν < νc [E]

ν
(p−1)/2
m ν

1/2
c ν−p/2 νm < νc < ν [F ]

(3)

Here, νm is the typical emission frequency from electrons at the peak of the distribution, namely having

Lorentz factor γm, and is given by (for an on-axis observer)

νob
m =

3

4π

qB

mec
γ2

m

Γ

(1+ z)
= 4.196×106Bγ2

m

Γ

(1+ z)
Hz, (4)

where me is the electron’s mass, c is the speed of light, B is the magnetic field, Γ is the bulk motion Lorentz

factor and z is the redshift. The cooling frequency νc is the frequency of emission from electrons whose
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radiative cooling time is equal to the dynamical time,

νob
c =

3

4π

q

mec

(

6πmec2

σT

)2
Γ

3

B3r2(1+ z)
= 2.26×1045 Γ

3

B3r2(1+ z)
Hz. (5)

Here, q is the electron’s charge, σT is Thomson’s cross section, and r is the plasma radius, which is

related to the dynamical time (in the comoving frame) by r ∼ Γctdyn
17. The peak flux is estimated by

Fob
ν ,peak =

1
4πd2

L

NePob
ν ,max, where dL is the luminosity distance, Ne is the number of radiating particles and

Pob
ν ,max = Pob

tot/νob
peak, where Pob

tot is the total power radiated by synchrotron emission, and νob
peak = νob

m . This

gives

Pob
ν ,max =

Pob
tot

νob
m

=
4
3cσT γ2

m
B2

8π Γ
2

3
4π

qB
mec

γ2
m

Γ

(1+z)

=
2

9

mec2σT

q
BΓ(1+ z) = 2.53×10−22BΓ(1+ z) (6)

We assume that all the ambient particles collected by the forward shock wave radiate. By assumption,

these mass density is given by ρ(r) = A/r2, implying that

Ne(r) =
4π

mp

∫ r

0
ρ(r′)r′2dr′ =

4πAr

mp
(7)

The proportionality constant A is calculated assuming that prior to its final explosion, the progenitor star

ejects mass at a constant rate and at a constant velocity, resulting in ρ(r) = n(r)mp =
Ṁ

4πvwr2 ≡ Ar−2. For

a Wolf-Rayet progenitor, the typical values are105, Ṁ = 10−5 M⊙ yr−1, and wind velocity vw = 108 cms−1.

These values lead to A = 5×1011A⋆ gr cm−1.

Dynamics, magnetic field and electron’s energy.

Following an initial acceleration phase, the plasma coasts at ≈ steady Lorentz factor Γi. Once it collects

sufficient material from the ambient medium, mISM & mi/Γi where mi is the initial ejected mass, the

flow becomes similar, and its evolution is described by the well-known self-similar solution15. For an

instantaneous explosion releasing energy E that occurs into a density gradient this solution reads

Γ(E;r) =

(

9E

16πρ(r)c2r3

)1/2

=

(

9E

16πAc2r

)1/2

. (8)

The relation between the Lorentz factor, radius and observed time in this case was calculated by Ref.106,

tob ≃ (1+ z)r/(2Γ
2(r)c), enabling to express the Lorentz factor as a function of the observed time during

this phase,

Γ(E,A; tob) =

(

9E(1+ z)

32πAc3tob

)1/4

. (9)

Transition from the initial (coasting) to the later (self-similar expansion) phases occurs once Γ(E,A; tob)<
Γi

18. Thus,

tob.
trans = (1+ z)

9E

32πAc3Γ
4
i

. (10)

17For simplicity, we neglect a possible factor of the order unity, as well as contribution form inverse-Compton (IC) cooling,

which is negligible for the parameters used.
18A second condition is that t > tGRB, which is always met.
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It is explicitly assumed that both the generation of magnetic field and acceleration of particles to

high energies occur at the shock wave. The energy density behind the shock is given by the shock jump

conditions, u ≃ 4Γ
2nmpc2. Therefore, during the initial (coasting) phase where Γ = Γi, this energy density

is u(tobs.)coasting = A

Γ2
i t2

obs.
(1+ z)2. We adopt the standard assumption that a fraction εB of this energy

is used in generating a magnetic field, and a fraction εe is used in heating (accelerating) the electrons.

During the initial (coasting) phase, this gives a magnetic field strength Binitial = (8πεBu)1/2 = 12 (1+

z) A
1/2
⋆ Γ

−1
i,1.5tobs.

3

−1
ε

1/2
B,−2 G and typical electron Lorentz factor, γm,initial = εeΓi

(

mp

me

)

= 5.5×103
Γi,1.5εe,−1.

Here and below Q,x = Q/10x.

During the deceleration phase, a similar calculation with the use of Equation 8 gives

Blate =

(

2048π3A3c3(1+ z)3ε2
B

9Etob3

)1/4

= 0.74

(

1+ z

2

)3/4

E
−1/4
53 A

3/4
⋆ tob

day

−3/4
ε

1/2
B,−2 G,

and

γm,late = εeΓ
mp

me
= εe

(

mp

me

)(

9E(1+ z)

32πAc3tob

)1/4

= 2040

(

1+ z

2

)1/4

E
1/4
53 A

−1/4
⋆ tob

day

−1/4
εe,−1.

Temporal and spectral signal.

Using these results in equations 4, 5 and 6 gives the parametric dependence of the key observed frequencies

and flux:

νob.
m =

{

4.6×1016 A
1/2
⋆ Γ

2
i,1.5tob.

3

−1
ε2

e,−1 ε
1/2
B,−2 Hz (coasting),

7.2×1013
(

1+z
2

)1/2
E

1/2
53 tob

day

−3/2
ε2

e,−1ε
1/2
B,−2 Hz (decay),

(11)

νob.
c =

{

3×1012
(

1+z
2

)−2
A
−3/2
⋆ Γ

2
i,1.5tobs.

3 ε
−3/2
B,−2 Hz (coasting),

3.7×1013
(

1+z
2

)−3/2
E

1/2
53 tob

day

1/2
ε
−3/2
B,−2 A−2

⋆ Hz (decay),
(12)

and

Fob.
ν ,peak =

{

6.1×10−24
(

1+z
2

)

d−2
L,28.3 A

3/2
⋆ Γ

2
i,1.5ε

1/2
B,−2 erg cm−2 s−1 Hz−1 (coasting),

9.9×10−25
(

1+z
2

)3/2
d−2

L,28.3E
1/2
53 A⋆ε

1/2
B,−2tob

day

−1/2
erg cm−2 s−1 Hz−1 (decay).

(13)

The results of equations 11 and 12 imply that both at early (coasting) and later (self-similar decay) phases,

the peak frequency decreases with observed time, while the cooling frequency increases with time. This

have two important consequences on the spectral and temporal evolution of the observed signal: (i) At

high enough frequencies, the transition always occurs from region [F] (νc < ν) to region [E] (ν < νc); 19

and (ii) the transition always occurs at lower frequencies first- it will occur in the optical band before the

X-ray band, regardless of whether the flow is in the coasting or in the decaying phase.

Using these results in Equations 2 and 3 give the temporal and spectral dependence in each of the 6

possible regimes considered, both during the coasting and during the self-similar decay phases (see for

consistency with Ref.107). These are summarized in Table 4.

These results can now be used to explain the observed signal, which is in an excellent agreement

with the theoretical model. Provided that the transition to region [E] occurs after the end of the coasting

19At lower frequencies, it occurs from region [D] to region [E]
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phase, the light curve during the coasting phase is ≈ flat, Fν ∝ t
(2−p)/2
obs. ∼ t0.0..−0.2

obs. , which is similar to

the observed signal in the X-ray band in cases I and II. Since the transition to region [E] occurs earlier

at longer wavelength, in some of the cases I the optical band is already in region [E], in which case a

decay in the optical light curve, Fν ∝ t
(1−p)/2
obs. ∼ t−0.5..−0.7

obs. is expected. The only other option is that the

transition to region [E] occurs at earlier times, in which case both the X- and the optical light curves show

a decay, which is the relevant scenario for case III here.

Once the flow shifts to the self-similar decay phase, both the X-ray and the optical light curves decay

as Fν ∝ t
(2−3p)/4
obs. ∼ t−1.0..−1.3

obs. if in region [F], or alternatively Fν ∝ t
(1−3p)/4
obs. ∼ t−1.25..−1.55

obs. if in region

[E]. However, the difference in the temporal index in between these two cases is only 1/4, and may not be

easily identified due to the noise.

Determining the physical properties of the outflow.

A flat X-ray plateau indicates that the flux in the X-ray band is in region [F]. Assuming, for simplicity

power law index p = 2, equation 3 gives

νFν(X)ob. = Fob.
ν ,peakν

1/2
c ν

1/2
m =

1

d2
L

c3AΓ
4
i εe (14)

where we made use of Equations 11, 12 and 13. Combining this result with Equation 10, one finds that for

bursts with known redshift, the transition time and X-ray flux provide a direct measurement of εe:

εe =
d2

L

(1+ z)

32πtob.
trans

9E
νFν(X)ob. (15)

Furthermore, the transition time provides a strong constraint on the ambient medium and the initial

Lorentz factor. This is done by writing equation 10 in the form

AΓ
4
i = (1+ z)

9E

32πc3tob.
trans

, (16)

which is a very robust result.

A further constrain can be put by using the temporal behaviour of the optical data. In case I, the optical

light curve decays, namely the optical band is in region [E], and νFν(U)ob. = Fob.
ν ,peakν

1/2
m ν

1/2
U (for p = 2).

Using Equations 11, 13, 15 and using an observed optical band νU = 8.65×1014 Hz, one finds

A
7/4
⋆ Γ

3
i,1.5ε

3/4
B,−2 = 4×10−3. (17)

Thus, for a given density parameter (A⋆), there is a corresponding magnetic parameter (εB). One may

therefore use an external knowledge of εB (e.g., εB = 1) to completely determine the values of A⋆ and

therefore of Γi. We further note that in this case, the ratio of fluxes,

RI ≡
νFν(X)

νFν(U)
=

(

νc

νU

)1/2(
νX

νU

)(2−p)/2

is expected in the range 10 ≤ R ≤ 300 for power law indices in the range 1.8 ≤ p ≤ 2.4.

In case II, the optical light curve is flat, namely it is in region [F]. Equations 15 and 16 are valid, and

thus a direct measurement of εe and of AΓ
4
i exist. However, as νc < νU, the ratio of the optical and X-ray

fluxes is constant,

RII ≡
νFν(X)

νFν(U)
=

(

νX

νU

)(2−p)/2

≈ 1
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Instead, we use the fact that νc increases with time (Equation 12) to argue that in this case at the transition

time (Equation 10), ν > νc. This gives a lower limit on the magnetization,

ε
3/2
B,−2 > 3.1×10−3

(

1+ z

2

)−1

E52.5A
−5/2
⋆ Γ

−2
i,1.5. (18)

Thus, in this case, for a given A⋆ there is a minimum value of the magnetic field, which is inversely

proportional to A⋆. Thus, again, one may use an external constraint (such as εB < 1) to constrain a

minimum value of A⋆ which translates to a maximum value of Γi.

Finally, in case III both the X-ray and the optical light curves decay, namely both are in region [E]. In

this case, Equation 16 is valid, but not Equation 15. It is therefore not possible to obtain a direct measure

of εe in this case. The best constraint can be put by using the requirement that at the beginning of the

plateau, at ∼ 100 s, the X-ray frequency is already below the cooling frequency, νX < νc. This translates

into an upper limit,

(

1+ z

2

)

A
3/2
⋆ Γ

−2
i,1.5ε

3/2
B,−2 < 2.5×10−6 (19)

This provides an upper limit on the value of εB for a given A⋆, which increases as A⋆ decrease. Using

external constraint, e.g., εB = 0.01 is therefore useful in providing an upper limit on A⋆, and a lower limit

on Γi. Combined with a measurement of the optical flux, this also gives a lower limit on the value of εe.

The ratio of the X-ray to optical fluxes in this case is intermediate,

RIII ≡
νFν(X)

νFν(U)
=

(

νX

νU

)(3−p)/2

≈ 10...150

depending on the value of p.

Comparison with ideas of explaining X-ray plateau

As discussed in the main text, a plethora of models were proposed in the literature in attempts to explain

the X-ray plateau. Here we discuss some of the most recent works, focusing on three topics: energy

injection, reverse shock, and viewing angle.

Metzger et al. (2011) propose a millisecond protomagnetar model for GRBs48. In this magnetar model,

the energy released by dipole radiation is predicted to be transferred to the surroundings via a magnetar

wind. This wind is heated by neutrinos just after the launch of the supernova shock from a core collapse

of a massive star. The outflow is collimated into a bipolar jet by its interaction with the progenitor star.

As the magnetar cools, the wind becomes ultrarelativistic and Poynting flux dominated on a time-scale

comparable to that required for the jet to clear a cavity through the star. Therefore, in this model the

magnetic dissipation and shocks explain prompt emission and the steep decay phase that follows. The late

time flaring or afterglow emission, such as the X-ray plateau are thought to be powered by continuous

magnetic or the residual rotational energy. Indeed, Rowlinson et al. (2014)49 explain the the correlation

between luminosity and duration of the plateau phase within the 1σ uncertainties78 with this model in

which the magnetic field and the spin periods typical of a fast rotating neutron star. A later paper by Rea et

al. (2015)50 show that the magnetar model can be reconciled within the GRB emission in the plateau only

if supermagnetar with high magnetic field strength are allowed.

In a successive paper of Stratta et al. (2018)51 for the first time a non-ideal modelling of spindown

magnetar is fitted to the afterglow data with a statistical sample of 40 long GRBs with a well-defined
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plateau and 13 short GRBs including the short with extended emission. The conclusion reached in

that paper is that short GRBs including the short GRBs with extended emission and long GRBs can be

explained within the magnetar model. However, the difference between the samples is that the long GRBs

occupy a lower end in the magnetic field, spin period plane compared to the short GRBs. Therefore, the

long GRB sample has a lower spin, P, and a lower magnetic field, B. The correlation between magnetic

field and spin period follow the established physics of the spin-up line for accreting neutron star (NS) in

alactic binary systems. The B−P relation obtained with the sample of 53 GRBs matches spin-up line

predictions for the magnetar model with mass accretion rates expected in the GRB prompt phase. The

latter are ∼ 11−14 orders of magnitude higher than those inferred for the galactic accreting NSs.

Matsumoto et al. 202052 show a link between extended emission seen in some short GRBs and the

plateau phase. They assume a continues energy injection from a central compact object, such as a magnetar,

for the origin of both phases of emissions. Such an extended emission lasting up to 102 −103 s is also

reported in several long GRBs108, 109. In our study, when analyzing the full sample of 222 GRBs with

known redshift and a plateau phase, we found that when such an extended emission exists, it affects the

slopes of both the plateau and the following self-similar phases. The slopes for those bursts that show

extended emission are steeper in both the plateau and self similar phases (>−0.7 and >−1.2 respectively)

than the limit we take as an indication for a plateau (temporal slope of < −0.7). These are therefore

excluded from our final sample.

Zhao et al. 202053 argued that in a few cases, there is a steep decay following the plateau phase, after

which a second plateau may exist. They interpreted this as an outcome of a central engine consists of a

rapidly spinning magnetar that collapses to a newborn black hole. When analyzing the 3 GRBs in their

sample, we found that the evidence for a steep decay is not strong: the X-ray LC of these 3 bursts either

contain flares, or a very few data points exist.

In contrast to previous works, Çıkıntoğlu et al. (2020)54 argue that clear plateau phase may not be

realized if the magnetic field of the nascent magnetar is in a transient rapid decay stage. Due to this

stage the spin-down power may decline so fast and cause a lack of the plateau phase. With this idea, they

analyze the X-ray light curve of 6 GRBs without plateau and conclude that these GRBs might be hosting

millisecond magnetars.

A different type of model was proposed by Lyutikov et al. (2017)65 and Barkov et al. (2021)66, in

which the plateau phase, flares and possible steep slopes immediately after the plateau phase, are all

explained by a dominant reverse shock. This reverse shock is different than the "classical" reverse shock
20 predicted as part of the "fireball" model62, 63 because it is assumed to propagate through ultrarelativistic,

highly magnetized pulsar-like winds produced by long-lasting central engines. While this is an interesting

idea, similar to the models discussed above, only very few GRBs observed until now seem to fit the

predictions of this model. Moreover, those GRBs have several flares during their X-ray data which makes

it very difficult to draw firm conclusion. Within the realm of the classical "fireball" model, contribution

from the reverse shock is expected during the transition from the coasting to the similar phase. Indeed

when analyzing the light curves of the GRBs in our sample we did see some evidence for a possible

contribution from a reverse shock in the optical light curve (especially in GRB 110213A). However, full

analysis of this effect is beyond the scope of this manuscript, and will be presented elsewhere.

Another suggestion, recently promoted by Oganesyan et al. (2019)70 and Beniamini et al. (2020)71 is

that of a structured jet viewed from off-axis. These works were motivated by the observation of an off-axis

jet detected from the very low luminosity GRB/GW 170817. While Oganesyan et al. (2019)70 explained

20Such a reverse shock can be easily suppressed by the external forward shock in the X-ray band due to the its faintness at

least an order of magnitude lower72.
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the plateau phase by high-latitude emission, Beniamini et al. (2020)71 argued in favour of a structured jet

on the near-core lines of sight. Indeed, the addition of degrees of freedom in these models, enable good

fits to several bursts which show a plateau.

In this work, we adopted and developed a much simpler idea than all of the above, which does not

require any addition or modification to the classical GRB "fireball" model. Instead, we simply consider

a different region of parameter space: a flow having an initial Lorentz factor of the order of few tens,

propagating into a "wind" environment, as proposed earlier by Ref.73. We find that this model can naturally

explain the observed plateau, both in the optical and X-rays, within the framework of synchrotron emission

from particles accelerated to a power law distribution by the forward shock wave. We further find that

these assumptions lead to a typical ambient density of 3-4 orders of magnitude below the expectation from

a wind produced by a Wolf-Rayet star. In our work, we show that this simple theoretical idea perfectly

matches with many observations obtained in both X-ray and optical bands. We further extended the theory

to show how it can be used to extract meaningful information on the outflow properties, and showed that

there is no contradiction between the values found here and those known from GRBs which do not show a

plateau.
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Figure 1. Isotropic Energy, Eiso as a function of time at the end of the plateau phase, Ta,X. Purple,

black and blue points represent GRBs in the three different cases I, II, III respectively (see Tables 1, 2, 3).
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Figure 2. Temporal and spectral indices of the 13 GRBs in our sample during the plateau phase.

The purple, black, and blue data points are the slopes at the X-ray band, and the same color coding with

lower transparency data points are the slopes obtained at the optical band of the GRBs in the three cases (I,

II and III respectively). Red line show the closure relation obtained in region [E] in which νm < νobs. < νc,

and the dashed red line represents regions [C] and [F] in which νc < νm < νobs. or νm < νc < νobs.. These

lines are computed by using an electron power law index p = 1.8−2.8. All the data points during the

plateau phase both in X-ray and optical bands are consistent with the theoretical closure relations of the

model.
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Figure 3. Temporal and spectral indices of 13 GRBs during the self-similar phase. Same color

coding as in Figure 2 for the data points and regions. All the data points during the self-similar phase both

in X-ray and optical bands are consistent with the theoretical closure relations of the model.
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Figure 4. Extended Data: An example demonstrating how we determine the relevant region for a

given source ([F] in this case) as well as the electron power law index (p). Using the temporal slopes

of both the X-ray (dot) and optical (star) light curves during both the plateau (purple) and self-similar

(black) phases, we calculate the electron power law index under the assumption that the emission is in

region [F] (left) and [E] (right). The independent calculations converge in region [F] except for one point

while leading to different results under the assumption that the emission is in region [E]. We therefore

conclude that the emission of GRB 060729 is in region [F]. The vertical red line separates the regions.

Dashed line represents p = 2.
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Figure 5. Extended Data: An example showing a burst which is in region [E]. Same explanation as

in Figure 4.
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Figure 6. The initial GRB jet Lorentz factor, Γi and the ambient density, A⋆ are marked by the

black and blue (overlapped) lines, each corresponds to a different GRB. From top to bottom: GRBs

080607, 110213A, 060714, 080310, 061121, 060605, 130831A, 091029, 050319, 060729, 060614,

100418A, and 171205A. For a given A⋆, we determine the value of Γi by using Equation 16 and knowing

the burst energy and transition time. This gives the lines. In order to further constrain the values of these

parameters, we assume knowledge of magnetization, εB, and use Equation 17 to deduce direct values of

A⋆ and Γi (squares) for cases I. For cases II and III, we use Equations 18 and 19 to compute the lower

(upper) and upper (lower) limits of A⋆ (Γi) (arrows). In all cases, the constrain put by the magnetization

(εB) is inversely proportional to the ambient density. We consider εB = 1.0 (equipartition), 0.1, 0.01 and

0.001 which are respectively presented by red, purple, green and orange colors.
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Figure 7. Histogram of the initial jet Lorentz factors of the 13 GRBs in our sample. These values

are obtained by assuming the fraction of energy in the magnetic field is εB = 0.1, 1.0 and 0.001 for the

GRBs listed in different cases I, II, III respectively (see Tables 1, 2, 3). This choice is motivated to ensure

that εe is smaller than unity in all cases. Purple bars represent values deduced directly from the data (case

I), the blue bars are lower limits (case II) and the black bars are upper limits (case III). Upper and lower

limits are also marked by arrows. The average value of the initial GRB jet Lorentz factor is 〈Γi〉 ≈ 85,

although the range span is between 5 ≤ Γi ≤ 322 (see Table 7). We point out that GRB 080607 which has

the highest value of Γi has a large gap in its X-ray LC between the plateau and self-similar phases.

Furthermore, GRB 171205A which has the lowest value of Γi is associated with SN 2017iuk, therefore,

both the optical plateau and self-similar slopes of this burst are effected by the SN bump (see further

discussion in Method).
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Figure 8. Histogram of the initial jet Lorentz factors. Black represents the sample of GRBs in our

sample, as appear in Figure 7. Yellow represents GRBs observed by the Fermi-LAT instrument, taken

from Ref.7, whose jet Lorentz factor is deduced using the opacity argument (GRBs 090926A, 090902B,

090510, 080916C; see Ref.7, Figure 11) and other GRBs that do not show a plateau phase (except

061021), taken from Ref.32 (table 6 there in). Green represents the inferred lower limit to the Lorentz

factor of BL Lac objects (Blazars), taken from Ref.16 (see their table 2A). The values of the Lorentz factor

we found, of few tens, fills the gap that previously existed in the range of initial jet velocities.
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GRB names 080607 091029 110213A 130831A

logTa,X (s) 3.35+0.06
−0.05 4.15+0.05

−0.10 3.13+0.04
−0.06 2.87+0.05

−0.04

logTb,X (s) 4.07+0.05
−0.04 ... 3.97+0.03

−0.03 ...

αp,X 0.08+0.23
−0.22 −0.23+0.09

−0.06 0.30+0.14
−0.11 0.04+0.19

−0.18

αA1,X −2.24+0.11
−0.12 −1.14+0.03

−0.03 −1.06+0.05
−0.05 −1.07+0.03

−0.04

αA2,X −1.44+0.06
−0.06 ... −1.94+0.04

−0.03 ...

βp,X 0.82+0.15
−0.15 1.06+0.12

−0.12 0.98+0.11
−0.10 0.83+0.14

−0.11

βA1,X 1.20+0.16
−0.15 1.05+0.12

−0.12 1.02+0.06
−0.05 0.72+0.12

−0.11

βA2,X 1.13+0.20
−0.19 ... 1.14+0.21

−0.19 ...

logTa,O (s) 3.40+0.05
−0.02 4.19+0.03

−0.03 3.34+0.11
−0.02 3.69+0.01

−0.02

logTb,O (s) ... ... 3.71+0.13
−0.01 931.0

αp,O −0.49+0.01
−0.02 −0.36+0.01

−0.02 −0.60+0.02
−0.02 −0.4+0.01

−0.01

αA1,O −1.22+0.01
−0.02 −1.06+0.01

−0.01 0.68+0.07
−0.07 −1.49+0.04

−0.03

αA2,O ... ... −1.56+0.02
−0.02 ...

βp,O −0.84+0.01
−0.01 −0.46+0.06

−0.06 ... ...

βA1,O −0.800.0
0.0 −0.32+0.05

−0.06 −1.12+0.24
−0.24 ...

βA2,O ... −0.34+0.06
−0.06 −1.22+0.18

−0.18 ...

Table 1. Extended Data: Case I (flat X-ray plateau and decaying optical plateau): Column 1 — 4:

GRB names in this case. Row 1 and 2: temporal breaks in X-ray light curves at the end of the plateau

phase and later time respectively. Row 3 — 8: temporal and spectral slopes in X-ray light curves. Row 9

and 10: temporal breaks in optical light curves at the end of the plateau phase and later time respectively.

Row 9 — 14: temporal and spectral slopes in optical light curves. Errors are in one σ significance.

Optical spectral slopes are obtained from the literature (050319, 060605, 060614, 060729, 061121,

080310, 080607, 100418A in Ref.89; 060714 in Ref.96; 091029 in Ref.91; 110213A in Ref.92; 171205A

Ref.94) Note: Optical temporal slopes of GRBs 080607, 091029, 110213A, 130831A are converted from

AB magnitude to νFν flux by multiplying 1/2.5. From the X-ray LC of 091029, a faint flare during the

plateau phase is excluded, see details in Method ‘X-ray data’. The lack of the data in the X-ray LC of

130831A affects the definition of Ta,X, but with two breaks, we could define it better

(logTa,X = 3.08+0.28
−0.18) at a later time with large error bars. However, due to the poor fitting result, we used

the value presented in this table. GRB 080607 has a flat slope with larger errors due to lack of data at the

end of the X-ray plateau phase, so the last slope is used as the slope of self-similar phase. In addition, the

first break is defined to be the Ta,X but this break can be at later time with steeper slope during the plateau

phase (see Method ‘X-ray data’ for further explanations).
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GRB name 060614 060729 080310 100418A 171205A

logTa,X (s) 4.53+0.03
−0.03 4.58+0.04

−0.02 4.04+0.04
−0.04 4.90+0.11

−0.07 4.96+0.04
−0.04

logTb,X (s) 5.13+0.09
−0.09 5.15+0.04

−0.04 ... ... ...

αp,X 0.02+0.05
−0.05 −0.14+0.02

−0.02 −0.21+0.10
−0.10 −0.09+0.06

−0.06 0.21+0.09
−0.09

αA1,X −1.41+0.13
−0.11 −0.87+0.05

−0.06 −1.55+0.06
−0.06 −1.39+0.09

−0.13 −1.06+0.05
−0.05

αA2,X −2.23+0.12
−0.15 −1.41+0.02

−0.02 ... ...

βp,X 0.74+0.11
−0.05 0.97+0.04

−0.04 1.14+0.12
−0.07 0.9+0.4

−0.3 0.55+0.21
−0.10

βA1,X 0.92+0.16
−0.15 0.98+0.04

−0.04 0.89+0.16
−0.15 0.84+0..32

−0.29 0.94+0.23
−0.22

logTa,O (s) 4.47+0.02
−0.04 4.71+0.01

−0.01 3.54+0.12
−0.10 4.67+0.10

−0.13 4.55+0.04
−0.03

logTb,O (s) 4.84+0.05
−0.03 ... 4.60+0.27

−0.62 ... 5.25+0.04
−0.03

αp,O 0.10+0.04
−0.03 −0.03+0.01

−0.01 −0.02+0.04
−0.04 0.22+0.07

−0.08 0.15+0.01
−0.01

αA1,O −0.96+0.16
−0.14 −1.39+0.02

−0.02 −1.07+0.05
−0.12 −0.70+0.05

−0.05 −0.65+0.01
−0.01

αA2,O −2.02+0.08
−0.08 ... −1.21+0.23

−0.38 ... 0.44+0.01
−0.01

βp1,O −0.300.0
0.0 −0.590.0

0.0 −0.97+0.04
−0.04 ... −0.65+0.39

−0.39

βp2,O ... −0.880.0
0.01 ... ... −0.83+0.19

−0.19

βA1,O −0.350.0
0.0 −0.540.0

0.0 −0.88+0.04
−0.04 −1.19+0.02

−0.02 −0.77+0.15
−0.15

βA2,O ... ... ... ... −0.88+0.60
−0.60

Table 2. Extended Data: Case II (both X-ray and optical plateaus are flat): Columns and Rows are

as defined in Table 1. Optical temporal slopes for GRBs 100418A and 171205A are converted from AB

magnitude to νFν flux by multiplying by 1/2.5. For GRB 171205A, we point out that the rise of the

supernovae bump in optical band after 2 days94 affects the slopes in both phases during the plateau

(slightly rising) and self-similar phases (decaying more slowly than -1.2) as well as the definition of Ta

which is quite early in the optical band than in the X-ray band.
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050319 060605 060714 061121

logTa,X (s) 4.50+0.06
−0.06 3.69+0.16

−0.11 3.65+0.14
−0.10 3.96+0.03

−0.03

logTb,X (s ) ... 4.18+0.09
−0.06 ... ...

αp,X −0.55+0.02
−0.02 −0.41+0.08

−0.04 −0.42+0.10
−0.11 −0.59+0.02

−0.01

αA1,X −1.44+0.11
−0.12 −1.24+0.15

−0.25 −1.24+0.03
−0.04 −1.42+0.02

−0.02

αA2,X ... −2.25+0.14
−0.17 ... ...

βp,X 1.00+0.09
−0.06 0.90+0.14

−0.07 0.88+0.15
−0.14 0.84+0.30

−0.28

βA1,X 1.18+0.21
−0.20 1.16+0.17

−0.17 1.08+0.20
−0.19 0.85+0.07

−0.07

βA2,X ... 1.08+0.20
−0.15 ... 0.77+0.10

−0.10

logTa,O (s) 4.55+0.04
−0.04 3.47+0.05

−0.02 3.77+0.16
−0.18 4.14+0.35

−0.32

αp,O −0.59+0.01
−0.01 −1.02+0.01

−0.02 −0.27+0.09
−0.09 −0.48+0.05

−0.05

αA1,O −0.64+0.017
−0.014 −1.61+0.01

−0.02 −0.62+0.27
−0.28 −1.08+0.27

−0.64

βp,O −0.360.0
0.0 −1.32+0.03

−0.03 −0.44+0.04
−0.04 −0.68+0.06

−0.06

βA1,O −0.610.0
0.0 −1.14+0.02

−0.02 −0.98+0.11
−0.11 −0.68+0.02

−0.02

Table 3. Extended Data: Case III (both X-ray and optical plateaus are decaying): Columns and

Rows are as defined in Table 1. Note: Optical temporal slopes of GRBs 050319 and GRB 060605 are

converted from AB magnitude to νFν flux by multiplying 1/2.5. The window timing (WT) data from the

LC of 061121 are excluded during the fit, see details in Method ‘X-ray data’. GRB 060605 has a flare at

the beginning of the plateau phase between 350 and 600s (see Method ‘X-ray data’ for more comments).

This time corresponds to the bump in the optical band with end break time at around 586+31
−43 s and slope

(0.18+0.01
−0.02). We therefore consider the later break to be Ta,O and the later slope is the slope of the plateau

phase in optical band before the last break and last slope. However, it is important to note that this bump

effects the later slopes during both the plateau and self-similar phases.

Scenario Coasting decay

[A] ν < νc < νm Fν ∝ t
−1/3
obs. ν1/3 Fν ∝ t

−2/3
obs. ν1/3

[B] νc < ν < νm Fν ∝ t
1/2
obs.ν

−1/2 Fν ∝ t
−1/4
obs. ν−1/2

[C] νc < νm < ν Fν ∝ t
(2−p)/2
obs. ν−p/2 ∼ t0..−0.2

obs. Fν ∝ t
(2−3p)/4
obs. ν−p/2 ∼ t−1..−1.3

obs.

[D] ν < νm < νc Fν ∝ t
1/3
obs.ν

1/3 Fν ∝ t0
obs.ν

1/3

[E] νm < ν < νc Fν ∝ t
(1−p)/2
obs. ν−(p−1)/2 ∼ t−0.5..−0.7

obs. Fν ∝ t
(1−3p)/4
obs. ν−(p−1)/2 ∼ t−1.25..−1.55

obs.

[F] νm < νc < ν Fν ∝ t
(2−p)/2
obs. ν−p/2 ∼ t0..−0.2

obs. Fν ∝ t
(2−3p)/4
obs. ν−p/2 ∼ t−1..−1.3

obs.

Table 4. Extended Data: Temporal and spectral evolution in each of the possible six spectral

regimes (regions). Here, p is the power law index of the accelerated electrons. Expected values based on

both theory110 and observations111 suggest 2.0 ≤ p . 2.4. We indicate the expected temporal evolution in

regions [C], [E] and [F] for power law index in this range.
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GRB name region in X-ray band pX region in optical band pU note

Listed in case I

080607 F ∼ 2.5 E 2.0

091029 F 2.3 F 2.4 (E 1.8) may transit to E

110213 F ∼ 2.0 E 2.1

130831 F 2.0 E 2.1

Listed in case II

060614 F ∼ 2.3 F 2.0

060729 F 2.0 F 2.3

080310 F ∼ 2.5 F 2.0

100418 F 2.2 F ∼ 1.8

171205 F 2.0 F ∼ 1.8

Listed in case III

050319 E 2.1 E ∼ 1.8 - 2.1

060605 E 2.0 E ∼ 2.1

060714 E 2.0 E ∼ 2.0

061121 E ∼ 2.1 E 2.0

Table 5. Region and electron power law index (p) in both X-ray and optical bands. In Column 1,

GRB names are ordered depending on the cases (I, II, III listed in Tables 1, 2, 3 respectively). From

Column 2 to 5, regions and electron power law indices (p) are defined for the X-ray and optical data

respectively.

GRB name z dL S (15-150 keV) αγ log(Eiso) Ta,X νFν (X) νFν (U) Tref.,U νFν (X) νFν (U)

(Mpc) (10−7 erg cm−2) (erg) (103 s) (10−12 erg cm−2 s−1) (10−13 erg cm−2 s−1) (s) (10−12 erg cm−2 s−1) (10−12 erg cm−2 s

Listed in case I

080607 3.036 26150 240±0.0 1.31±0.04 53.27±0.02 1.56+0.20
−0.15 6.81±1.53 0.39±0.18 1010 82.7±18.5 0.18±0.01

091029 2.752 23222 24±1.0 1.46±0.27 52.31±0.16 14.2+1.50
−3.45 1.34±0.23 1.17±0.29 1170 2.8±0.6 0.3 ±0.1

110213A 1.46 10662 59±4.0 1.83±0.12 52.45±0.06 1.35+0.14
−0.18 350±77 8.45±0.33 1130 218±48 7.7±0.4

130831A 0.4791 2704 65±0.2 1.93±0.05 51.57 ±0.01 0.75+0.08
−0.07 259±56 462±28 732 259±56 46.2±2.8

Listed in case II

060614 0.125 586 204±3.6 2.02±0.04 50.87±0.01 34.1+2.27
−2.63 3.28±0.63 6.26±1.43 4838 2.1±0.5 49.9±11.6

060729 0.54 3124 26±2.1 1.75±0.14 51.25±0.04 38.0+3.18
−2.08 6.35±1.43 33.4±7.5 1160 10.6±2.4 4.13±0.94

080310 2.42 19862 23±2.0 2.32±0.16 52.67±0.09 10.9+0.94
−0.88 3.41±0.76 2.58±0.59 1505 4.9±0.9 14.5±3.2

100418A 0.62 3695 3.4±0.5 2.16±0.25 50.57±0.08 79.3+20.6
−12.8 0.86±0.22 2.58±0.05 1000 0.15±0.04 0.06±0.01

171205A 0.0368 162 36±3.0 1.41±0.14 49.03±0.04 91.0+8.60
−8.45 1.02±0.24 5.68±0.68 10834 0.61±0.16 1.44± 0.09

Listed in case III

050319 3.24 28280 13.1±1.5 2.02±0.19 52.48±0.13 32.0+4.17
−4.25 1.24±0.28 1.44±0.26 1120 5.02±1.13 1.20±0.17

060605 3.78 34014 7.0±0.9 1.55±0.20 52.00±0.15 4.88+1.24
−1.85 5.25±1.19 9.51±1.14 534 16.3±3.3 9.51±0.42

060714 2.710 22793 28.3±1.7 1.93±0.11 52.64±0.10 4.50+1.37
−0.99 13.3±2.92 1.80±0.53 1069 13.6±3.07 0.35±0.08

061121 1.314 9355 137±2.0 1.41±0.03 52.58±0.01 9.11+0.53
−0.64 61.5±12.3 9.16±2.50 1173 67±15 1.66±0.40

Table 6. Extended Data: Some key parameters of the 13 GRBs in our sample. Columns 1 — 12

are the GRB name, redshift, luminosity distance, fluence, photon spectral index, isotropic equivalent

energy, time at the end of the X-ray plateau phase, νFν X-ray flux and νFν optical flux at Ta,X, a reference

time in optical band at around 1000 s, νFν X-ray flux and νFν optical flux at Tref.,U respectively. Note

that the fluence of GRB 080607 has no error in the online Swift GRB table. See Method ‘Flux Ratio’ for

the definition of each parameters.
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εB = 1.0 εB = 0.1 εB = 0.01

GRB name εe Γi A⋆ Γi A⋆ εe Γi A⋆ Flux ratio
νFν (X)/νFν (U)

Listed in case I direct value direct value direct value direct value direct value direct value direct value

080607 1.3×10−2 503 5×10−5 322 3×10−4 238 1×10−3 174± 89

091029 3.1×10−2 137 1×10−4 77 1×10−3 52 5×10−3 11.5±3.5

110213A 5.1×10−2 361 2×10−5 203 2×10−4 136 1×10−3 41.4±0.2

130831A 2.7×10−2 113 3.×10−4 84 1×10−3 56 5×10−3 5.6±1.3

Listed in case II direct value upper limit lower limit upper limit lower limit

060614 3×10−3 15 3×10−3 8 5×10−2 5.2±1.6

060729 1.5×10−1 20 3×10−3 10 5×10−2 1.9±0.6

080310 1.5×10−2 82 2×10−3 37 5×10−2 13.2±4.2

100418A 2.7×10−2 13 2×10−3 6 5×10−2 3.35±0.86

171205A 1.4×10−2 5 1×10−3 2 5×10−2 1.8±0.5

εB = 0.001 εB = 0.001 εB = 0.01 εB = 0.01

Listed in case III lower limit lower limit upper limit lower limit lower limit upper limit

050319 1.6×10−2 60 2×10−3 3.1 97 3×10−4 8.6±2.5

060605 2.6×10−2 66 3×10−3 3.8 104 5×10−4 5.5±1.4

060714 5.5×10−4 94 3×10−3 8×10−2 148 5×10−4 74±27

061121 1.9×10−3 68 3×10−3 2.8×10−1 106 5×10−4 67±23

Table 7. Extended Data: Deduced parameters of the outflow and wind. εe is the fraction of energy

in the electrons, A⋆ is the wind density, Γi is the initial jet Lorentz factor. Direct value of εe is computed

by using the information in the optical data for the GRBs listed in case I and II respectively. In addition,

direct values of A⋆ and Γi are obtained by assuming the fraction of energy in the magnetic field is

εB = 1.0, 0.1, 0.01 for the GRBs listed in case I. Moreover, an (external) upper limit on εB, e.g., εB ≤ 1.0
is used to compute upper limit on Γi and lower limit on A⋆ for the GRBs listed in case II. Vice-versa,

external knowledge on lower limits (e.g., εB ≥ 0.01 and εB ≥ 0.001) can be used to compute lower limit

on the value of Γi and an upper limit on A⋆ as well as lower limit on εe for the GRBs listed in case III (see

Method ‘Theoretical model’). Flux ratio is the ratio of the X-ray and optical (νFν ) fluxes calculated at

Ta,X (see Table 6). They are consistent with the theoretical predictions in all three different cases.

log(Ta) log(Tb) N αp αA1 αA2 log(V)

4.53 +0.03
−0.03 5.13 +0.09

−0.09 -0.68 +0.02
−0.02 0.02 +0.05

−0.05 -1.41 +0.13
−0.11 -2.23 +0.12

−0.15 -11.54+2.34
−2.55

Table 8. Extended Data: X-ray temporal fit parameters of GRB 060614 with the Bayesian

analysis tool emcee. log(Ta) is the break time at the end of the plateau phase and log(Tb) is the jet break

time. N is the normalization of the fit. The slopes αp, αA1, αA2 are obtained during the plateau phase,

self-similar phase and after the jet break time respectively. V is the intrinsic scatter of the data.

38/40



Figure 9. Extended Data: An example: The LC of GRB 060614 fitted with a Bayesian analysis

tool emcee. The black points represent the data (count-rate vs time), the red line shows the mean of the

posterior distribution, blue lines are 3200 randomly selected samples from the MCMC sampling. The

dashed lines (purple and black) represent the break times log(Ta) (at the end of the plateau phase) and

log(Tb) respectively. The αp (purple), αA1 (black), αA2 (black) are slopes during the plateau phase,

self-similar phase and after the jet break time respectively.

GRB name AU,Gal. AU,host note

050319 0.052 0.53±0.012 (V-band)89

060605 0.255 1.33±0.10 (CR-band)89

060614 0.107 0.23±0.18 (U-band)89

060714 0.378 1.53+0.65
−0.58 Avhost = 0.79+0.39

−0.35 is given in Ref.98

060729 0.272 0.433±0.18 (U-band)89

061121 0.226 0.92±0.30 (U-band)89

080310 0.196 0.433±0.18 (U-band)89

080607 0.111 2.98±0.37 (Rc-band)89

091029 0.08 ... (U-band) no host galaxy extinction91

100418A 0.362 1.2±0.43 (white-band)89

110213A 1.612 ... (U-band) no host galaxy extinction92

130831A 0.223 0.103±0.0513 (U-band) low host galaxy extinction93

171205A 0.251 0.103 (U-band)94

Table 9. Extended Data: Galactic and host galaxy extinctions of 13 GRBs in our sample. Column

1: GRB name, Columns 2 and 3: Galactic and host galaxy extinctions in U band. Column 4: band passes

used in our analyses and references.
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Figure 10. Extended Data: Standard emcee corner plot showing the one-and two-dimensional

posterior probability distributions for the fit parameters obtained from the LC of GRB 060614.

The blue lines present the mean value of each parameter from Table 8. The density of the points and

contours correlate with the posterior probability distribution from a 3200 step run of the emcee sampler.

Counters gives from inward to outward 39.3%, 68.3% ,90.3% of the volume of the Gaussian, given the 2 -

dimensional nature of the data.
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