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ABSTRACT

We investigate the shape of the jet break in within-beam gamma-ray burst (GRB) optical afterglows for various lateral jet structure
profiles. We consider cases with and without lateral spreading and a range of inclinations within the jet core half-opening angle,
0.. We fit model and observed afterglow light curves with a smoothly-broken power-law function with a free-parameter « that
describes the sharpness of the break. We find that the jet break is sharper (« is greater) when lateral spreading is included than
in the absence of lateral spreading. For profiles with a sharp-edged core, the sharpness parameter has a broad range of 0.1 < «
< 4.6, whereas profiles with a smooth-edged core have a narrower range of 0.1 < k < 2.2 when models both with and without
lateral spreading are included. For sharp-edged jets, the jet break sharpness depends strongly on the inclination of the system
within 6., whereas for smooth-edged jets, « is more strongly dependent on the size of 6.. Using a sample of 20 GRBs, we find
9 candidate smooth-edged jet structures and 8 candidate sharp-edged jet structures, while the remaining 3 are consistent with
either. The shape of the jet break, as measured by the sharpness parameter «, can be used as an initial check for the presence of

lateral structure in within-beam GRBs where the afterglow is well-sampled at and around the jet-break time.

Key words: gamma-ray burst: general.

1 INTRODUCTION

The achromatic breaks observed in the light curves of some gamma-
ray burst (GRB) afterglows have been used to argue that these
sources are jet-like in nature (Rhoads 1997). The observed time of the
afterglow jet break after the prompt GRB contains information about
the angular size, 0; of the outflows that produce these transients (e.g.
Halpern et al. 1999; Sari, Piran & Halpern 1999; Jaunsen et al. 2001;
Panaitescu & Kumar 2002) and this knowledge of a finite angular
size relaxes the energy requirements needed to produce cosmological
GRBs when assuming isotropic emission (Kulkarni et al. 1999). The
temporal index « of the light curve before a jet break, and the steeper
decline o, after it, provide information about the ambient medium
density profile and the spectral regime of the emission (Granot &
Sari 2002) and constrain energy injection into the outflow (Zhang
et al. 2006).

The change in the temporal index, Aw, across the jet break can
be used to indicate the degree of lateral spreading perpendicular to
the outflow radial motion. For a jet without any lateral spreading, the
loss of flux due to the edge of the jet becoming visible as the Lorentz
factor decreases, I' < Qj_l, yields Ao = 3/4 for a uniform ambient
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© 2021 The Author(s).

medium, or Ae = 1 for a wind-like medium (Rhoads 1999; Sari
et al. 1999; Gao et al. 2013). Where lateral spreading is included,
the post-break decline index is @ < —p, where p is the electron
energy spectral slope (e.g. Rhoads 1999; Sari et al. 1999; Zhang &
MacFadyen 2009).

The shape of the jet break — how rapidly the light-curve behaviour
changes from the pre- to the post-break temporal behaviour —depends
on the angular size of the jet and the inclination of the line of sight
within the jet opening angle, 6;. For a jet with sharp edges, i.e. the
energy declines rapidly or goes to zero at angles beyond 6, the near
edge of the jet will be viewed before the far edge for an observer
whose line of sight is between the jet edge and the central axis. This
results in a longer transition from pre- to post-jet-break behaviour,
when compared with an observer that is either aligned with the central
axis or the jet edge, and reduces the sharpness of the jet-break shape
as measured via a smoothly broken power-law (PL) function (van
Eerten & MacFadyen 2013).

Whilst looking at the time evolution of the temporal index for
both sharp-edged and smooth-edged jets! at various inclinations, in a
study focused on reverse-shock emission, Lamb & Kobayashi (2019)

A smooth-edged jet is described by a jet structure with an energy/velocity
profile that varies with lateral angle, e.g. a Gaussian or PL functional form.
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showed that the temporal index, o, for an on-axis observer exhibits
different behaviour through the jet break for different jet structure
models. This suggests that the shape of the afterglow light curve
through the jet break for on-beam (within the jet core or opening
angle) cosmological GRBs could be used as an indication of lateral
jet structure (see also Rossi et al. 2004).

In Section 2, we describe the methods used to generate model
light curves and how we measure the shape of the jet break. In
Section 3, we present our results including the best-fitting measure
of the jet break shape for a sample of GRB afterglows that exhibit
an achromatic jet break. We discuss our findings in Section 4 and
conclude in Section 5.

2 METHOD

‘We produce afterglow light curves for a variety of jet structure models
following the method in Lamb & Kobayashi (2017), Lamb, Mandel &
Resmi (2018b). The instantaneous Lorentz factor, I', and swept-up
mass, M, of a relativistic blastwave can be found by considering
energy and momentum conservation (Pe’er 2012; Nava et al. 2013;
Lamb et al. 2018b):

- MIn(10) [P — = (¢ — DrF]
dlogigM — E/ (Toc?) + M 2T = (7 = 1) (1+T2)]”

ey

where I is the maximum initial Lorentz factor, E is the blastwave
kinetic energy, c the speed of light, 8 = (1 — I'"2)!”2, the velocity as
a fraction of the speed of light, and  is the adiabatic index (found
using the expressions given in Pe’er 2012).

For a conical outflow, the kinetic energy and the swept-up mass
is a fixed fraction of that used in equation (1) for a spherically
symmetric system. The shock-heated material within the blastwave
will have a significant sound speed, ¢, and for a conical outflow with
‘edges’, lateral spreading will occur. For an ideal relativistic plasma,
the sound-speed limit is ¢, = ¢/ ﬁ, and the instantaneous sound
speed can be found by assuming an ideal equation of state, P o< p”,
where P is the pressure and p is the density, and ¢, = (P P/p)"/%.
Using the strong relativistic shock conditions, with P = (y — 1)(I" —
Dpoc? and p = py + P P/(c*[p — 1]), the sound speed in terms of
the Lorentz factor and adiabatic index is then

B (czw — (T - 1))‘/2

1+ -1 @

As the jet spreads laterally, the half-opening angle of the outflow,
0;, will increase. By considering an element travelling perpendicular
to the outflow direction at the sound speed, and an element travelling
parallel to the outflow direction at the velocity Sc, the change in the
initial opening angle due to lateral spreading is

Aeman—l( c ) 3)
I'Be

where the sound speed, c, is defined in the co-moving fluid frame.

For an outflow where the effects of lateral spreading are included,
the changing opening-angle will affect the estimate of the radial
distance, R, that the blastwave has travelled (Granot & Piran 2012).
The outflow sweeps up matter and compresses it into a thin shell at the
head of the jet (e.g. Kobayashi, Piran & Sari 1999). We approximate
this thin shell of compressed matter as a surface with area, A = QR?,
where €2 is the solid angle of the outflow. As mass and energy must
be conserved, the area is proportional to the instantaneous swept-up
mass, M, and for a given area and a uniform medium, the radius,
RocQ12,
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Practically, the radius for a spherical, or a non-laterally spreading
conical segment, can be found using the swept-up mass and the
ambient particle number density as, Rf = 3M;/(2nm,), where M; is
the mass of swept-up material for step i of the solution to equation (1)
(we solve this using a fourth-order Runge—Kutta), n is the ambient
number density, and m,, is the mass of a proton. Equation (1) assumes
energy conservation, therefore a blastwave with a fixed initial energy
has a swept-up mass at each step that does not depend on the details
of lateral spreading.

The resultant solid angle for a uniform conical jet with lateral
spreading and initial half-opening angle, 0;, is then @; = 27 (1 —
cos (6; + A6))); thus, where the change in radius for the blastwave
is calculated from the swept-up mass at each step in the solution
to equation (1), the effects of lateral spreading can be included by
scaling the change in radius for a spherical blastwave by the ratio,
(R2/92;)"?, where € is the initial solid angle.

We split the jet into multiple small sections with angular size, 6
< 0, and sum across the surface to get the afterglow light curve,
effectively integrating across the equal-arrival-time surface (e.g.
Lamb & Kobayashi 2017). The initial angular size of each section
is chosen so that 6 < T' ', and when calculating the ratio, $2¢/€2;,
we set & = 0 to avoid any resolution dependence. The instantaneous
radial distance at each step, 7, for each component of the blastwave
is then found with

1/3
0\ 3
J (P w2). @
Q; 4mtnm,

where M is the swept-up mass for a spherical volume (for a non-
spreading jet or spherical blastwave, the ratio €20/€2; = 1). Note that
using the ratio AGy/Af; ~ (Q/2;)"?, from equation (3) gives an
identical approximation whilst the blastwave is still relativistic,” and
where & — 0 for each component.

By assuming four different jet structure profiles,® as in Lamb &
Kobayashi (2017, 2019), we generate on-axis afterglow light curves
with and without lateral spreading to check for differences between
the models. The fiducial parameters are as follows: the isotropic
equivalent energy for a point on the central axis of the jet, E. =
102 erg; the bulk Lorentz factor at the central jet axis, I'g = 100; the
microphysical parameters, &, = ,/ég = 0.1; the electron distribution
index, p = 2.5; and a uniform ambient density, n = 103cm™3;a jet
core opening angle of 6. = 0.07rad; and a maximum jet extent of
0; = 0.35rad, where the energy/velocity is not zero at angles wider
than 6.: Note for TH jets, 6. = 6; = 0.07. From these afterglow
light curves, the temporal index of the afterglow with observer time
is calculated from each time-step using

_ dlog(F)
N dlog(tobs) ’

where F is the flux and ¢, the observed time. We use Richardson’s
extrapolation to find « at each observer time-step from the model

Ri=Ri_1 +

&)

2The afterglow light curves for a ‘top-hat’ jet structure are generated using
this method and tested for consistency with the on- and off-axis light curves
of BoxFit (van Eerten, van der Horst & MacFadyen 2012). Afterglow peak
and break times plus the very late-time evolution, including the counter-jet
emergence and peak time/flux, are recreated.

3The jet structure profiles used are: ‘top-hat’ (TH), a uniform jet defined by
the opening angle, 0; = 0, with energy E. and I'g; Gaussian (G) structured
jet with the lateral profile E = Ece’(ez/ecz) andT' =14 (T — l)e’(92/2902);
a two-component (2C) jet defined as a ‘top-hat’ core surrounded by a sheath
with I' =5 and 0.1E; and a PL jet, a ‘top-hat’ core with energy and Lorentz
factor that declines as o (9/6.)~2, where 6 > 0.
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Figure 1. The evolution of the temporal index o with observer time in units
of the afterglow peak time, #/t,, for the four jet profile models with fixed 6
and varying orientation within the core angle: ¢ = [0.0, 0.3, 0.6, 1.0] 6. From
the top to bottom: TH (purple), G (orange), 2C (blue), and PL (green) jet
structure profiles. Solid lines show the evolution of « for a laterally spreading
outflow, whereas the dashed lines do not include spreading. The line thickness
indicates the inclination within the jet core angle.

afterglows. This temporal index, o, with the observer time relative to
the optical frequency afterglow peak time, #,, which is typically the
deceleration time for outflows with our fiducial parameters at optical
frequencies, is shown in Fig. 1.

The change in the temporal index for observers at various incli-
nations, ¢, within the core angle, 6., can be seen with thinner lines
indicating a higher ¢.

For observers that are midway between the jet central axis and
the jet edge, an earlier quasi-break can be seen for the jet structures
described by a uniform core and the effect most pronounced for
the sharp-edged jet structures, e.g. TH and 2C, and where lateral
spreading is included.

This quasi-break is due to the near edge of the jet becoming visible,
and the main jet-break when the furthest edge becomes visible — thus,
the full jet-break is delayed when compared to that of an observer
along the jet central axis. For the TH jet model with spreading, the
minimum value for @ and its temporal behaviour is qualitatively
the same as that described in van Eerten & MacFadyen (2013) via
hydrodynamic simulations.

We see a similar change in minimum « as the jet opening angle
of the system is increased and a minimum « that is marginally lower
due to the details of the spreading — where the sound speed expansion
that is used in our model can be considered a physical upper limit.

The point at which we see differences in the afterglow behaviour
due to the jet structure for an on-beam observer within 6, is at ~
the jet-break time. The sharpness of this break can be measured by
fitting a simple empirical function for the transition behaviour from
the pre- to post-break light curve. A parameter, «, is used to define
the sharpness of the observed break in a smoothly broken PL as (e.g.
Beuermann et al. 1999; Rhoads 1999; Rossi et al. 2004; Gorosabel
et al. 2006; Liang, Zhang & Zhang 2007; Schulze et al. 2011; van
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Eerten & MacFadyen 2013; Wang et al. 2015, 2018)
K K -1
Fa)=[Ff +Ff]", 6)

where F, = fy(t/t,)* and the subscript ‘x’ indicates the trend pre-
and post-jet-break, i.e. oc 3%~ and o +” for the case where
the emitting frequency is between the characteristic synchrotron
frequency, v,,, and the cooling frequency, v, as v,, < v < v, and
relevant for all our fiducial models, and f;, and #, indicate the observed
flux and time at the jet break.

We fit the model structured jet afterglow light curves with the
approximation given by equation (6) for the behaviour of the light-
curve break. In fitting equation (6) to the model data we fix the
earliest (latest) time to ~ 2 #,(20 #,), except for the 2C model, where
the latest time is fixed at 10 7, to avoid significant late-time variability
in the post-break light curve, here #, is the expected jet-break time
for a TH jet with the same 6. and t. The best-fitting parameters,
lay, @2, &, fo, t], for each jet structure are found using a non-
linear least-squares minimization. For each jet structure model, we
evaluate the best-fitting value of « for jets described by core sizes
6. = [0.02, 0.04, 0.07, 0.1, and 0.2], and for each of these at an
inclination from ¢ = 0 — 6, at step sizes of 0.056.. The value of k
and limits (1o) are shown in Fig. 2 as a function of the inclination,
/6. The model light curves and the equation (6) best fit for each jet
structure model at ¢ = 0.0 is shown in Fig. 3.

We further apply this method to measure the sharpness of the
afterglow jet break to a sample of GRB light curves. Using GRBs
with multiband afterglows that are consistent with the closure
relations, the ‘gold’ sample in Wang et al. (2015), we select those
with an achromatic jet break listed in Wang et al. (2018). The
optical afterglows for the resulting 20 GRBs are collected and
composite light curves with the flux at various filters shifted, using
the spectral energy distribution (SED) for each burst and corrected
for Galactic foreground extinction and host contribution (if necessary
and possible), to produce Rc-band afterglows at z = 1 (Kann et al.
2010, 2011). We use a Markov Chain Monte Carlo (MCMC) via
emcee (Foreman-Mackey et al. 2013) to fit the parameters [c¢;, a2,
K, fo, 1] in equation (6) to the observed data around the jet-break
time. The preferred «, or sharpness parameter, can then be used
as a test for jet structure in these GRB afterglows. Although the
GRB afterglows in our sample have achromatic jet breaks at X-ray
frequencies, we use only the optical frequency afterglow to measure
the sharpness of the break. This avoids introducing model-dependent
cooling frequencies, v., whose evolution depends on the medium.
van Eerten & MacFadyen (2013) showed that for the case v > v,
the jet break light curve has a higher « value at all inclinations within
the jet opening angle than it would have in the case of v < v.

The starting point for each GRB afterglow fit is given by the «/,
a, and t, values* with associated uncertainties reported in Wang
et al. (2018) and the break time shifted to a source at z = 1. The
initial guess for f; is the interpolated light-curve flux from the data
at t,, and k = 3 £ 0.5 — for the sharpness parameter. Rhoads (1999)
favoured a « = 0.4, however, by fitting o/ to afterglow data; Liang
et al. (2007) found k ~ 3 was preferred in most cases and consistent
with the mean value found by Zeh, Klose & Kann (2006) for seven
GRBs where « was freely fit; k = 3.1 & 1.6. The prior is flat for
each parameter in a range; (0 < o) < 3, «; < oy <4, 0.001
<k <10, — 2 < logigfs < 6) and flat for logo#, for each

4For GRBs 050922C, 060729, 080710, and 091127, the jet-break times
reported in table 2 of Wang et al. (2018) differ from those in their fig. 1;
in these cases, we use values for #, found from the figure.

MNRAS 506, 4163-4174 (2021)
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Figure 2. The « value versus inclination within the jet core from fits of equation (6) to the model light curves at the jet-break time. The shaded regions indicate
the 1o limits for the fit for the spreading/non-spreading cases with varying core size. Solid lines indicate the central value for the maximally spreading case,
while dashed lines indicate the central value for the non-spreading case. Jet structures are top left-hand panel — top-hat, top right-hand panel — Gaussian, bottom
left-hand panel — two-component, and bottom right-hand panel — PL. The pink-shaded region and lines in the top left-hand panel (TH) show the values of « for
top-hat jet afterglows with p = 2.5 from van Eerten & MacFadyen (2013). The vertical grey dashed line indicates an « = 0.576., the typical inclination within

the core angle for GRBs (Ryan et al. 2015).

burst with unique limits set by the data constraints. We use 1000
walkers and 15000 steps per GRB. To avoid variability in the early
afterglow data due to either a reverse shock, energy injection, or
flares related to the prompt emission, we set an earliest time, #y;,
for each GRB. In three cases, the long GRBs 050408 and 130427A
and the short GRB 130603B, we also set a maximum time, beyond
which the data show variability that is inconsistent with the late-
time single PL behaviour (for GRB 130603B, the late-time excess
is a kilonova; e.g. Berger, Fong & Chornock 2013; Tanvir et al.
2013).

MNRAS 506, 4163-4174 (2021)

3 RESULTS

For the model jet afterglows we find Ao = o1 — &5, and k ranges for
the five core angles and inclinations using the best-fitting values of
equation (6) to the model data. The analytic estimate for the opening
angle of an on-axis, ¢ = 0.0, TH jet is given by (e.g. Sari et al. 1999;
Nakar, Piran & Granot 2002)

7/0.001 ecm=3\ "% /1, \¥®
0, imfered ~ 0.055 [ > d, 7
j inferred ( E/107 erg ) q ra (N
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Figure 3. The on-axis, ¢ = 0, model light-curve flux (dashed lines) as a
fraction of the peak flux f,, with the time normalized by the best-fitting jet-
break time, #,, for each jet structure. The corresponding best fits to equation (6)
are shown in black/grey lines. The bolder coloured lines show the case where
lateral spreading is included. The vertical dotted line shows ¢ = 1, the jet-
break time.

where we have used’ t ~ R/(2I"2c). With this expression, we estimate
the opening angle as would be inferred from the best-fitting jet-break
time for each model. Table 1 lists the ranges found for Ax and «, and
the inferred 6; for the cases where ¢ = 0.0 and 6... Fig. 2 shows the «
at each inclination within the jet core angle for the four jet structures.
Within each panel, the results for core sizes 0.02 < 6. < 0.2 are
shown with the discrete core sizes given by a different colour line
according to the legend. For the TH jet structure, the results of van
Eerten & MacFadyen (2013) are shown with pink lines for the three
core sizes that they tested; the observed behaviour is qualitatively
the same to that seen with our models. We include a very narrow jet
model in our sample with 6. = 0.02; for this model, x(¢) remains
relatively high at all inclinations when compared to models with a
core size >0.02.

From Table 1, we note that although A« is consistent between all
models, the sharpness of the break, «, has a typically lower value
for jet structures with a continuously declining energy/Lorentz factor
lateral distribution, i.e. the smooth-edged jet structures (G, PL); see
also Fig. 2. Where a model light curve is more variable at either very
early or very late times, then fitting equation (6) can result in either
artificially sharp breaks (high values of «) or very soft breaks (k <
1). This is especially pronounced in the fits for the 2C model, where
the wider jet component contributes at late times resulting in a highly
variable «(f) post-jet-break (see Figs 1 and 3). This is reflected in the
comparatively noisy curves in Fig. 2 and uncertainties for x and Aa
outliers in Table 1.

The central parameter values for o, o,, f, and k from the
MCMLC fits of equation (6) for the 20 GRBs in our sample are listed

SThe inferred jet opening angles are larger by a factor of ~1.3 when using # ~
RI/(4T2¢), resulting in typically better agreement for 6. from the TH models
with lateral spreading where 6. > 0.1, and/or for those viewed at t = 0.

~

Structure in the break 4167

in Table 2 and the light curves shown in Fig. 4; all light curves here are
shifted to a redshift z = 1. Each panel shows the data for the named
GRB, the red curves show a random sample of 100 parameter sets
for equation (6) from the MCMC fit to the data. The value of most
interest for this study is the best-fitting value of «, the sharpness
parameter. Whereas o« can depend on the details of the spectral
regime, the distribution of shocked electrons, and the nature of the
ambient environment, and o, on the details of the lateral spreading
and p, the value for the sharpness of the transition, «, depends on the
lateral structure of the jet, the inclination to the line of sight, and the
width of the jet.

4 DISCUSSION

We have used model afterglows from four distinct jet structures,
two with sharp-edged cores (TH and 2C), and two with smooth-
edged cores (G and PL), to show how the shape of the jet break
for an observer aligned within the core opening angle can provide
clues to the presence of lateral jet structure. We fit these afterglows
with a commonly used smoothly-broken PL function leaving «,
the parameter that describes the sharpness of the break, as a free
parameter. Fig. 2 shows k < 2.2 for smooth-edged jet structures,
whereas sharp-edged jet structures show a wider range that depends
on the inclination of the system and the width of the jet core, resulting
ink S5.

For sharp-edged structures, e.g. TH and 2C, as an observer’s line
of sight to the jet central axis increases within the core opening angle
then the value of « typically dips before increasing again as ¢ ~ 6;
with the exception of very narrow jet cores, 6, ~ 0.02. Whereas, for
smooth-edged jet structures, the value of ¥ within the jet core remains
~constant or mildly increasing with inclination. From Fig. 1, we can
see that for the TH and 2C jet structures, where ¢ = 0.0 or ¢ = 6,
the temporal index « is ~constant before the sharp change at the
jet break, however, between these inclination limits, a quasi-break
caused by the near edge of the jet core becoming visible can be seen.
This quasi-break results in a small change in « before the break and
when fit by equation (6), a lower value of « for these inclinations. For
comparison, the values of « for three jet widths from van Eerten &
MacFadyen (2013) are shown in the top left-hand panel of Fig. 2
as pink dashed/dotted lines. van Eerten & MacFadyen (2013) found
that the range of « values is larger for wider jets with a minimum «
at ~mid-way between the central axis and the jet edge; our results
confirm this where 6. > 0.04. For the G and PL jet structures, the
smooth edge of the jet core softens or eliminates this quasi-break
resulting in a more continuously declining « before the jet-break
time and when fit by equation (6), a value for « that is typically k¥ <
2 at all inclinations.

For jet models where lateral spreading at the sound speed is
included, the fit value for « is typically higher than where no lateral
spreading is included and contrary to the findings of Rossi et al.
(2004).° For a laterally spreading outflow, the jet break transition
results in a larger Aca; see Table 1. Where the time-scale of the
jet break is comparable between the spreading and non-spreading
models for the jet-break, a larger Ao will result in a larger «.
Similarly, for ‘mid-way’ inclinations where a quasi-break is present,

6 As noted in Section 2 and in Rossi et al. (2004), the time interval over which
the light curve is fit can affect the returned fit parameters. We have carefully
chosen our time interval for the model light curves so that the returned fits of
equation (6), for most cases, closely follows the model light curve during the
jet-break transition.
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Table 1. Best-fitting absolute parameter ranges over all inclinations for our model afterglows.

k [min — max] + err

0, inferred[t = 0.0 — t = 0]

Model (7 A« [min — max] £+ err

TH 0.02 [1.31(1.05)-1.69(1.36)] & 0.06(0.04)
TH 0.04 [1.51(1.20)-1.81(1.46)] 4= 0.04(0.03)
TH 0.07 [1.57(1.31)-1.88(1.71)] & 0.05(0.05)
TH 0.1 [1.73(1.44)-1.99(2.97)] & 0.06(0.23)
TH 0.2 [1.39(1.29)-1.81(2.66)] & 0.06(0.23)
G 0.02 [1.36(1.17)-1.65(1.43)] 4 0.05(0.04)
G 0.04 [1.57(1.32)-1.81(1.54)] 4 0.04(0.03)
G 0.07 [1.67(1.43)-1.82(1.57)] 4= 0.04(0.04)
G 0.1 [1.68(1.48)—1.82(1.64)] & 0.04(0.04)
G 0.2 [1.56(1.52)-1.75(1.79)] & 0.05(0.06)
2C 0.02 [1.35(1.12)-1.79(1.53)] 4+ 0.05(0.03)
2C 0.04 [1.23(1.17)-1.90(1.66)] & 0.07(0.05)
2C 0.07 [0.89(1.15)-1.80(1.98)] 4+ 0.07(0.14)
2C 0.1 [1.04(1.43)-1.62(3.36)] 4 0.06(0.80)
2C 0.2 [1.46(1.68)-2.10(3.14)] 4+ 0.10(0.35)
PL 0.02 [1.25(1.18)—1.54(1.45)] 4 0.02(0.02)
PL 0.04 [1.42(1.35)-1.63(1.65)] 4+ 0.03(0.05)
PL 0.07 [1.44(1.46)-2.15(2.55)] £ 0.07(0.19)
PL 0.1 [1.72(1.66)-2.72(3.16)] 4 0.14(0.33)
PL 0.2 [1.54(1.74)-2.03(3.13)] & 0.06(0.38)

[2.72(2.23)-3.93(3.51)] % 0.82(0.43)
[1.44(1.11)-3.42(2.68)] = 0.51(0.20)
[0.97(0.54)-3.52(2.25)] % 0.52(0.16)
[0.57(0.14)-3.35(1.99)] + 0.51(0.14)
[0.63(0.15)-3.29(1.64)] = 0.70(0.13)
[1.52(1.64)-2.17(2.06)] = 0.28(0.20)
[1.24(1.15)-1.62(1.33)] & 0.21(0.12)
[0.98(0.78)-1.52(1.09)] = 0.19(0.10)
[0.89(0.64)~1.54(1.01)] = 0.20(0.09)
[0.89(0.48)-1.62(0.89)] = 0.25(0.08)
[2.25(1.67)-3.24(2.63)] + 0.47(0.22)
[1.37(0.69)-4.21(2.06)] =+ 1.86(0.20)
[1.56(0.31)4.60(1.80)] = 1.85(0.17)
[0.77(0.11)4.58(1.67)] =+ 1.66(0.13)
[0.33(0.14)-2.62(0.96)] = 0.31(0.10)
[1.44(1.30)-1.83(1.57)] = 0.10(0.09)
[0.71(0.55)-1.51(1.39)] = 0.08(0.08)
[0.32(0.21)-1.16(0.99)] = 0.06(0.08)
[0.23(0.16)-0.68(0.72)] = 0.05(0.07)
[0.67(0.14)-1.22(0.70)] = 0.16(0.08)

[0.02(0.02)-0.04(0.04)]
[0.04(0.04)-0.06(0.07)]
[0.07(0.07)-0.10(0.12)]
[0.09(0.10)-0.12(0.18)]
[0.16(0.20)-0.22(0.33)]
[0.02(0.02)-0.03(0.03)]
[0.04(0.04)-0.06(0.06)]
[0.06(0.07)-0.09(0.11)]
[0.08(0.09)-0.13(0.16)]
[0.14(0.20)-0.21(0.30)]
[0.02(0.02)-0.04(0.04)]
[0.04(0.04)-0.06(0.07)]
[0.07(0.08)-0.08(0.12)]
[0.09(0.11)-0.12(0.24)]
[0.16(0.24)-0.24(0.66)]
[0.03(0.03)-0.04(0.04)]
[0.05(0.05)-0.07(0.09)]
[0.08(0.11)-0.14(0.19)]
[0.13(0.18)-0.20(0.33)]
[0.23(0.43)-0.24(0.85)]

Note. Values in parentheses are those found for the non-spreading jets.

then lateral spreading results in a more pronounced feature that is
responsible for the larger variability in « with ¢ for the same 6.
models.

As equation (6) is a function that asymptotically approaches a
single PL at either extreme, then for cases where early- and/or late-
time variability in the model light curves is present, some care must be
taken when windowing the light curve for the fit. We set maximum
and minimum times for each structure in an attempt to avoid the
worst variability, however, this can result in time windows that are
too narrow, and the resulting fit does not accurately reproduce the
expected behaviour. Examples of this can be seen in Table 1, e.g.
the 2C and the PL models with 6. = 0.1 and 0.2, where some cases
have Aa 2 2.75; here the change in « across the jet break should
fall in the range 0.75 < Aa < 2.75, where 2 < p < 3, and the lower
limit is set by the edge effect (Zhang et al. 2006; Gao et al. 2013).
An example of such a poor fit is apparent in Fig. 3, showing ¢t = 0.0
light curves where the inferred break-time for the non-spreading PL
model with 6. = 0.2 is much later than expected (see 0; inferrea = 0.43,
and more than twice the expected 0.2, in Table 1). The fit light curve
here is cut off before the single PL behaviour is observed resulting in
the higher than expected A« for this example. These cases highlight
how small amounts of variability at early/late times, and/or short time
windows can skew the fit results for a smoothly-broken PL function.
When fitting such a function to observed data to determine the best-
fitting value of «, these factors should be carefully considered as the
resulting fit parameter can easily occupy high values, i.e. k > 10,
that are difficult to reconcile with theoretical expectations.

The post-break temporal behaviour for the afterglow from our
models, as shown in Fig. 1, is beyond the simple theoretical
approximations of oy — 3/4 and —p for the non-spreading and
spreading cases respectively (Sari et al. 1999). This is a known
result (e.g. Granot 2007) and the steep decline for the top-hat case
with lateral spreading is consistent with hydrodynamic results (e.g.
Zhang & MacFadyen 2009; De Colle et al. 2012; van Eerten & Mac-
Fadyen 2013). At optical to X-ray frequencies, these hydrodynamic
simulations find that the steepest temporal index post jet-break is «
< —3.1 (where p = 2.5) and consistent with the @ ~ —3.3 shown

MNRAS 506, 4163-4174 (2021)

in Fig. 1 for our model, based on the maximal spreading at the
sound speed. A post jet-break temporal index that is steeper than
the analytical expectation for both a spreading and non-spreading
jet is also found by Lu, Beniamini & McDowell (2020). Although
the expansion description that we use can be considered an upper
limit, the resulting temporal behaviour of the afterglow light curve
at about the jet-break time is consistent with that seen in full, and
computationally expensive, hydrodynamic simulations.

From Fig. 3 and Table 1, we can see that where lateral spreading
is included, the jet break occurs at a marginally earlier time than for
the non-spreading case for most examples — where we expect the
peak, or deceleration time, for the spreading/non-spreading cases to
be the same. Using the fitted #,, which may over or underestimate
the real model break time (see the discussion above), for each model
with equation (7), an estimate of . 4 ¢ can be found. Although this
analytic estimate is based on the break-time for a TH jet, we find
a reasonable estimate for all jet structure models with 6. < 0.07,
and best for the cases with ¢ = 0.0 and without lateral spreading.
This analytic estimate is based on the time-scale for the I'(¢) = 6 L
and so we expect the best results from cases that are most similar
to this, i.e. non-laterally spreading TH jets. This estimate assumes
that lateral spreading does not affect the evolution of the light curves
until after the jet-break time; however, the shell will undergo some
lateral expansion at all times during the deceleration. At early times,
where this expansion is mild and confined to the edges of the jet,
as energy is conserved, then the radial extent of the blastwave will
gradually fall behind that of an identical but non-spreading outflow;
the radial extent of the blastwave determines the observed time-scale
as dz,ps/dR = 1/(B(R)c) — cos (1)/c, and thus, for a jet with significant
lateral spreading, the jet-break time will be marginally sooner than
the case without. This is more apparent for wider-cored jet structures,
where the time-scale to the jet break is longer and spreading is
more significant. A similar effect can be seen in Lu et al. (2020),
where they compare light curves with and without lateral expansion,
and in Granot (2007), where the light curves from hydrodynamic
codes and non-lateral spreading semi-analytic light curves are
shown.
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Table 2. Our sample of 20 GRB afterglows that obey the closure relations and literature claims of an achromatic jet break.
GRB min(max) (d) o o) tp (d)? K 0; (rad), medium? Category“ Refs
050408 0.07(2.07) 0.56+0:0 1.92%0-7 0.75%003 1.28+0-49 0.12W Either [11[4-9]
050801 0.0025 1.0979:03 141759 0.1275:02 2.94+327 0.051 Either [1][10-12]
050820A 0.056 0.32%018 2.39108 5.43%03 0.16%0:02 0.101 Smooth [1][13-14]
050922C 0.001 0.75501 160752 0.116+0902 1.39+01¢ 0.031 Smooth [1][15-21]
051109A 0.00027 0.641001 1107008 0.19%003 6.8412-12 0.06 W Sharp [1][22-31]
060206 0.025 0.727903 312700 0.667007 0.4075:04 0.06 W Smooth [1][32-45]
060418 0.0015 1057503 2.0370:% 7.52%0% 0.3579:0¢ 0.031 Smooth [11[46-53]
060729 0.85 1.26510:904 3.80101¢ 524710902 3.221287 036 W Sharp [11[21[54-58]
061126 0.0087 0.881001 218103 176103 3.66739 0.081 Sharp [1][59-60]
080413A 0.0002 0.5079:96 1.5775:9 0.00579000 1.30793¢ 0.02W Smooth [11[61-64]
080603A 0.05 0.9579:02 2.311038 1.42792¢ 5.861218 0.091 Sharp [2][65-67]
080710 0.03 0.52+}:0 1.58/072 0.11810:9% 3.32708 0.06 1 Sharp [11[68-74]
081008 0.0013 0.887003 152759 0.06079019 136753 0.041 Smooth [1][85]
081203A 0.03 0.807913 1.8470:03 0.05979004 6.207382 0.031 Sharp [11[76-83]
090426 0.02 0.597901 2.537009 0.28070:002 9.15792 0.10 W Sharp (84-90]
090618 0.001 0.69079-002 1.307591 0.327901 2.837014 0.031 Sharp [91]
090926A 1.00 0.487938 3.357027 7.29%07 0.297507 0.071 Smooth (11[2][92]
091127 0.048 0.32+0:2 1.6410:-02 0.52+0:01 0.88+0:07 0.071 Smooth [31[93-99]
130427A 0.044(14.5) 083470003 1.94701 2.141001 1101592 0.051 Smooth 3]
130603B 0.15(10.0) 0.66+0:22 2.511033 0.53+0:03 2.001248 0.101 Either [96]

References for the data used: [1] Kann et al. (2010), [2] Kann et al. (2011), [3] Kann et al. (2019), [4] Wiersema et al. (2005), [5] Milne, Williams & Park
(2005a), [6] Flasher et al. (2005), [7] Kahharov et al. (2005), [8] Foley et al. (2006), [9] de Ugarte Postigo et al. (2007), [10] Rykoff et al. (2009), [11] de
Pasquale et al. (2007), [12] Monard (2005), [13] Cenko et al. (2006), [14] Vestrand et al. (2006). [15] Rykoff et al. (2009), [16] Li et al. (2005), [17] Ofek,
Lipkin & Dann (2005), [18] Durig & Price (2005), [19] Henych et al. (2005), [20] Novak (2005), [21] Hunsberger et al. (2005), [22] Milne et al. (2005b), [23]
Haislip et al. (2005), [24] Yost et al. (2007), [25] Kinugasa & Torii (2005), [26] Misra et al. (2005), [27] Li (2005), [28] Wozniak et al. (2005), [29] Holland
et al. (2005), [30] Huang et al. (2005), [31] Bloom et al. (2005), [32] Thone et al. (2010), [33] Curran et al. (2007), [34] Stanek et al. (2007), [35] Monfardini
et al. (20006), [36] WozZniak et al. (2006), [37] Reichart et al. (2006), [38] Lacluyze et al. (2006), [39] Boyd et al. (2006), [40] Terada et al. (2006), [41] Alatalo,
Perley & Bloom (2006), [42] Milne & Williams (2006), [43] Ofek et al. (2006), [44] Lin et al. (2006), [45] Greco et al. (2006), [46] Falcone et al. (2006), [47]
Nysewander et al. (2006), [48] Schady & Falcone (2006), [49] Cenko et al. (2010), [S0] Melandri et al. (2008), [51] Molinari et al. (2007), [52] Huang, Ip &
Urata (2006), [53] Chen et al. (2006), [54] Schady et al. (2010), [55] Rykoff et al. (2009), [56] Grupe et al. (2007), [57] Quimby et al. (2006), [58] Cano et al.
(2011), [59] Gomboc et al. (2008), [60] Perley et al. (2008), [61] Yuan et al. (2008), [62] Fukui et al. (2008), [63] Antonelli et al. (2008), [64] Klotz, Boer &
Atteia (2008), [65] Guidorzi et al. (2011), [66] Sbarufatti, Mangano & La Parola (2008), [67] Milne & Updike (2008), [68] Kriihler et al. (2009), [69] Yoshida
et al. (2008), [70] Perley & Melis (2008), [71] Weaver et al. (2008), [72] Bersier & Gomboc (2008), [73] D’ Avanzo et al. (2008), [74] Li et al. (2008), [75]
Yuan et al. (2010), [76] Rumyantsev et al. (2008), [77] Liu et al. (2008), [78] West et al. (2008), [79] Volkov (2008), [80] Fatkhullin et al. (2008), [81] Isogai &
Kawai (2008), [82] Mori et al. (2008), [83] Andreev et al. (2008), [84] Nicuesa Guelbenzu et al. (2011), [85] Thone et al. (2011), [86] Xin et al. (2011), [87]
Antonelli et al. (2009), [88] Kinugasa et al. (2009), [89] Mao, Cha & Bai (2009), [90] Yoshida et al. (2009), [91] Cenko et al. (2011), [92] Rau et al. (2010),
[93] Vergani et al. (2011), [94] Filgas et al. (2011), [95] Cobb et al. (2010), [96] de Ugarte Postigo et al. (2014). The MCMC-fitted parameters for a light curve
given by equation (6). The reported times are observer times for a burst at z = 1. “Half the observed jet-break time, corresponding to the source-frame time if
the source was at z = 1. The literature opening angle as listed in Zhao et al. (2020) for the preferred medium of our GRBs as stated in Wang et al. (2015),
ISM/wind (I/W). “The category that best describes the jet-break shape according to our fits; smooth-, sharp-edged jet structure, or either.

We have fit a smoothly-broken PL estimate for the afterglow flux
behaviour (equation 6, to the observed optical afterglows of 20 GRBs
(including one short GRB). The data and a sample of the light curves
from an MCMC posterior distribution for each burst are shown in
Fig. 4. The best-fitting parameters for the temporal indices, «; and
o7, the sharpness parameter, «, and the observed jet-break time, #,,
assuming a source at redshift z = 1, are listed in Table 2. The jet-
break time, #,, is equivalent to the time when the entire jet is within
the beaming cone, 1/T", and for a mildly inclined jet, the opening
angle estimate found from #, will be equivalent to 6. + ¢, where ¢ <
0.. Assuming a top-hat jet structure for all GRBs should, therefore,
result in a strong inverse correlation for k < 2 with the jet opening
angle, i.e. lower k having larger 6. + ¢ 2 0j, inferred-

In Fig. 5, we show the « versus 6. + ¢ for our GRB sample
using the opening angles from Zhao et al. (2020, and references
therein) and the preferred environment (uniform ISM or wind) from

the closure relation fits by Wang et al. (2015) to highlight the
most likely 6. + ¢ value. Additionally, we show, using a smaller
marker size and grey error bar lines, the seven GRBs with fitted «
from Zeh et al. (2006); GRBs 990510, 000301C, 010222A, 020813,
030226, 030329, 041006 — opening angles are from Zhao et al.
(2020) except for GRB 041006, where we use the value in Zeh
et al. (2006). We also show the expected parameter space from our
models with a green shaded region for sharp-edged jet structures
(TH and 2C) and with a yellow shaded region for a smooth-edged
jet structure (G and PL). The limits on the parameter space are
those for a jet with lateral spreading, and the lower limit on «
for the non-spreading jets is indicated with a dashed line for each
case respectively. Additionally, we show the values of « from the
hydrodynamic simulations for TH jets from van Eerten & MacFadyen
(2013), where 2 < p < 3 and 0. = [0.05, 0.01, 0.2] 4 ¢ as a pink
shaded region; note that a lower p results in a higher value for the
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Figure 4. The afterglow light curves for 20 GRBs that are reported to be consistent with a jet-break scenario. All sources shifted to z = 1 and data trace the
Rc-band emission. A sample of 100 parameter sets are randomly drawn from the MCMC posterior for each burst to construct the red-line jet-break approximation.
The corresponding break time, #,, is shown as a vertical blue line and the region between the 16th and 84th percentiles is shaded. The pink dashed line indicates
the #, estimate from Wang et al. (2018) used as a prior and shifted to z = 1. Dotted grey lines indicate #min, and where required #max, for the allowed data range
of the fit. Gold stars indicate GRB afterglows that are consistent with being a structured jet viewed from within the core angle; see Section 4.

sharpness . We see no correlation between « and increasing 6. for
our sample.

Half of the GRBs in our sample have « < 2.0, and are potentially
consistent with the expectation for a smooth-edged structured jet (G
and/or PL). By considering the effect of viewing angle and jet width
on the sharpness, this number drops to nine GRBs: GRBs 050820A,
050922C, 060206, 060418, 080413A, 081008, 090926A, 091127,
and 130427A — each marked with a gold star in Fig. 4. An additional
two GRBs from the seven in Zeh et al. (2006) fit our criteria: GRBs
010222A and 020813. In some cases, the data at or after the jet-
break time are sparse — in these cases, e.g. GRBs 050820A and
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060418, the shape of the pre-break light curve and the jet-break time
from multiband fits (Wang et al. 2018) can help to determine the
sharpness of the break, however, as with the non-spreading 6. = 0.2
model PL structure case discussed previously, the poorly sampled
light curve after the jet break can result in an artificially low « value
and may be the cause of the x = 0.16 and 0.35 for these two GRBs,
respectively. Similarly, GRB 090926A, with k = 0.29, has gaps in
the data on either side of the jet break; and GRB 060206 with k =
0.40 has some variability and significant data gaps on either side
of the break. The remaining five GRBs in our candidate structured
jet list are well-sampled on either side of the break, and in some
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Figure 5. The jet break sharpness parameter « versus the opening-angle plus inclination, 8¢ + ¢ = 6; inferred, for our model GRB afterglows. The parameter

region indicative of the sharp-edged structured jets (TH, 2C) with spreading is shown with green shading; the parameter region for smooth-edged jets (G, PL)
with spreading is shown with yellow shading. A 20 per cent uncertainty is added to the edges to give an indication for a change in p within our fiducial models.
For non-spreading jets, the parameter regime at ¥ < 2 is indistinguishable where 6. + ¢ 2 0.05 — dashed lines indicate the low-« limits for the non-spreading
models. The red shaded regions indicate the values of k from van Eerten & MacFadyen (2013) for three TH jets using hydrodynamical simulations. The best
values for the inferred jet opening angles, 6; inferred, and their preferred medium (ISM — red circle, wind — blue cross), are shown (Zhao et al. 2020) for the
bursts in our sample (black error bars) and those from Zeh et al. (2006) (smaller markers and grey error bars). The short GRB 130603B is indicated by the green

pentagon.

cases, throughout, e.g. GRB 050922C, 080413A, and 130427A. For
these better-sampled light curves, the sharpness of the break and
the inferred opening angles are consistent with smooth-edged jet
structures with lateral spreading, i.e. 0.88 < « < 1.39.

We find three GRBs that have inconclusive values for k in terms of
jet structure — GRBs 050408, 050801 and 130603B. The remaining
eight GRBs are all consistent with being candidate sharp-edged jet
structures with k¥ > 2, of these there are five with afterglow light
curves well-sampled on either side of the break and two throughout
the jet break, e.g. GRBs 080710 and 090618. Of these five: GRB
051109A has sparse data before and throughout the break; GRB
081203A has sparse data pre-break, where we have discounted
very early data as being most likely a reverse-shock component,
or a pre-wind termination evolution; and, finally, GRB 090426
has a well-measured jet break sharpness of x = 9.15f?j(1’2, and is
therefore inconsistent with all of the models tested here. We propose
that energy injection, flaring, or a difficult data reduction could be
responsible for the apparently very sharp jet-break shape.

Where data are absent at jet-break time, the sharpness of the break
derived from the fits should be treated with caution. High cadence,
multiband (particularly at optical frequencies, where the spectral
regime is expected to be consistent, i.e. v < v.) are essential in
determining the temporal behaviour of the afterglow before, during,
and after the jet-break time. For GRBs with k <2 and 6. + ¢ = 0.05,
the break sharpness cannot reliably identify candidate smooth-edged
jet structure afterglows. However, where 6. + ¢ < 0.05 and k¥ < 2,
then we do not expect afterglows from sharp-edged jet structures
to fit this parameter space and such GRBs should be considered as
candidate smooth-edged jet structure examples. Similarly, for « = 3
and all 6. + ¢, we do not expect any afterglows from smooth-edged jet
structures, and such structure profiles can be ruled out in these cases.
A well-sampled afterglow light curve that is found to be consistent
with a smooth-edged jet structure via this jet-break shape analysis
should be followed up with detailed light curve and burst modelling
to determine the best-fitting jet structure profile (e.g. Cunningham
et al. 2020).
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The single short GRB in our sample sits well within the sharp-
edged parameter space, however, it is on the the upper boundary
for a smooth-edged structure profile, and so we cannot rule this out.
We note that, although the short GRB 170817A, viewed at¢ > 6., is
commonly fit with a smooth-edged jet structure profile, i.e. a G or PL
model, the afterglow can also be fit with a sharp-edged jet structure,
e.g. model A in Lamb et al. (2019a), the energy injection scenario in
Lamb, Levan & Tanvir (2020), the hydrodynamic results for a TH jet
from Gill et al. (2019), a magneto-hydrodynamic, or a hollow-cored
jet Nathanail et al. (2021). Thus if we assume that all short GRBs
have a universal structure model, then analysis of the shape of the jet
break for short GRBs observed within the jet opening angle could
be used to indicate the preferred jet structure profile — sharp-edged
versus smooth-edged.

Within Fig. 2, we show the typical inclination for GRBs within 6
as a vertical dashed grey line at 0.570., the value found by Ryan et al.
(2015) for a GRB afterglow sample. Where the opening angle of the
jetis found from the observed jet-break time using the usual analytic
relation (e.g. Sari et al. 1999; Frail et al. 2001; Nakar et al. 2002), then
considering the typical inclination within the jet, 6. ~ 0.6 0, inferred-
The range for the sharpness parameter that we find at t = 0.570. is as
follows: for sharp edge structured jets, 0.1 < « < 4.0, and for smooth
edge structured jets, 0.2 < k < 2.0 — we note that these values are for
model afterglows with p = 2.5 and the jet structure profiles for our
fiducial models. van Eerten & MacFadyen (2013) showed that the
change in « due to different p is ~ =£10 per cent of the k(p = 2.5)
value for 2 < p < 3 with lower p resulting in higher «, or sharper jet
breaks. In either jet-structure case, the typical ¢t = 0.576, value of « is
inversely proportional to the jet opening angle. For very narrow jets,
0. < 0.03, k for sharp-edged versus smooth-edged structure profiles
is distinct.

Our fiducial models have assumed a uniform ambient density,
however, the environment of a GRB may be described by a wind
model where the density, n oc R~ with k = 2 for a stellar wind (e.g.
Dai & Lu 1998; Chevalier & Li 1999). Pre-GRB mass injections
other than winds e.g. stellar pulsations or common-envelope events
for progenitors in a binary, could also affect the properties of the
surrounding interstellar medium. We do not attempt to model their
impact on the GRB afterglow. The nature of the medium, principally,
affects the temporal index, «; (e.g. Granot & Sari 2002; Zhang
et al. 2006; Gao et al. 2013). For a wind, as k — 2, the change in
temporal index, A, is reduced when compared to the A within a
uniform medium (Granot 2007; De Colle et al. 2012). However,
De Colle et al. (2012) show that the break time is earlier for
higher k, and despite the smoother change in «, the sharpness (or
steepening) of the light curve across the jet break occurs over a
significantly shorter duration. We expect competing contributions
to the sharpness of the jet break, «, with the smaller A« through
the jet break within a wind environment resulting in a lower
value,” whereas the reduced time-scale of the break would lead
to a higher « value. The two effects should largely balance out at
the observable precision to give a similar sharpness measure for jet
breaks within a wind medium to those seen for a uniform medium.
As noted by De Colle et al. (2012), the inclination within the jet
opening angle has a more pronounced effect on the shape of the jet
break than the steepness of the external density profile. Additionally,
we note that the preferred medium for the GRBs in our sample is
shown in Fig. 5 with a blue cross for wind and red dot for uniform

7 Analogous to that seen in the comparison between outflows with and without
lateral spreading.
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medium, where we note no preference for wind-medium GRBs in
Kk distribution when compared to the uniform medium GRBs in our
sample.

A jet that is initially propagating within a wind medium may, at
late times, transition into a uniform medium as the outflow passes
the wind termination shock (Chevalier, Li & Fransson 2004); a
statistical study of GRB environments favours a typically small wind
termination radius (Schulze et al. 2011), meaning that for most jets,
the jet break will occur within a uniform medium. As the afterglow
shock passes through the wind termination shock, a change in the
temporal index of the afterglow is expected i.e. (3p — 1)/4 versus 3(p
— 1)/4, where v,, < v < v, and p > 2 for wind k = 2 versus uniform
medium, with the evidence of such passage in some GRB afterglows
(e.g. Gendre et al. 2007; Kamble, Resmi & Misra 2007; Jin et al.
2009; Fraija et al. 2017; Li et al. 2020, 2021) and an absence of any
wind in others (e.g. Bardho et al. 2016). Similarly, energy injection
can change the afterglow decline (e.g. Zhang et al. 2006); where the
injection is continuous, then the effect on the jet-break shape is not
expected to be significant. However, where the energy injection is
discrete, then variability in the afterglow decline is expected (e.g.
Kumar & Piran 2000; Zhang et al. 2006; Laskar et al. 2015; Lamb
et al. 2019b), this variability could skew a smoothly broken PL
function fit if it occurs at early or late times, as discussed above,
alternatively, if the discrete energy injection episode coincides with
the jet break, then the fit ¥ will be affected. We expect such a situation
to be rare, however, where this does occur, then the inferred value of
K is likely to be larger for a discrete energy injection episode. The
large k = 9. ISf?j% for GRB 090426, and the apparent variability at
the jet-break time in the afterglow light curve (see Fig. 4), could be an
example of such an energy injection. Where the injected energy has a
stratified profile (e.g. Rees & Mészaros 1998; Sari & Mészaros 2000;
Nakamura & Shigeyama 2006; Cheng et al. 2021) as in Model 2 in
Lamb et al. (2020), and the injection time-scale coincides with the
jet-break time, then the shape of the break will be softened, resulting
in a low k value. For very narrow jets, 6. < 0.04, this could enable
< 1, although any information on the potential angular jet structure
profile will be lost.

5 CONCLUSIONS

We have shown that for an observer at a line-of-sight inclination
angle ¢ within the core opening angle 6, of a GRB, the temporal
evolution of the afterglow light curve around the jet-break time is
distinct between core-dominated jets with a sharp-edged core and
those with a smooth-edged core profile. Using a smoothly-broken
PL function as a way to measure the jet-break sharpness, we show
the following:

(1) Jets with lateral spreading typically have higher values of the
sharpness parameter, «, than identical jets without lateral spreading.

(i1) Smooth-edged jet structures have a sharpness parameter k <
2.2 with little dependence on the inclination of the system within 6.

(iii) Sharp-edged jet structures have a more diverse range, 0.1 <
k < 4.6, where « depends strongly on 6. and the inclination.

Using a sample of GRB afterglows (19 long GRBs, one short GRB)
that are consistent with an achromatic jet break and the standard
closure relations (Wang et al. 2015), we find that approximately half
are candidates for a smooth-, and half for a sharp-edged jet structure
profile. We find the following:

(i) nine candidate smooth-edged jet structure GRBs, including
three that have well-sampled light curves through the jet break;
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(ii) eight candidate sharp-edged jet structure GRBs, including two
with well-sampled light curves;

(iii) three ambiguous GRBs, consistent with either a smooth- or a
sharp-edged jet structure.

Of the nine candidate smooth-edged jet structure GRBs, we find
five that have well-sampled light curves on either side of the break,
with three being well-sampled throughout the jet break — GRBs
081008, 091127 and GRBs 050922C, 080413A, and 130427A as the
three well-sampled examples. Of the eight candidate sharp-edged jet
structure GRBs, we find five that are sufficiently well-sampled on
either side of the jet break, with two being continuously sampled
throughout — GRBs 051109A, 081203A, and 090426, and GRBs
080710 and 090618 as the two well-sampled examples. For the
remaining four (three) GRBs that sit in the smooth- (sharp-)edged
jet structure candidate group, we consider the afterglow light-curve
data to be either too sparse, variable, or to contain significant gaps
that could bias the estimated « parameter.

We encourage high-cadence multifilter optical observations
around the jet-break time, for GRBs with a bright optical afterglow.
Understanding the fraction of GRB jets that are consistent with lateral
jet structure is important for off-axis, orphan afterglow searches,
and rates (e.g. Ghirlanda et al. 2015; Lamb, Tanaka & Kobayashi
2018a; Huang et al. 2020); additionally, the fraction of short GRBs
showing evidence of jet structure is important for gravitational-wave
counterpart search strategies and counterpart rates (e.g. Lamb &
Kobayashi 2017; Coughlin et al. 2020; Gompertz et al. 2020). The
presence and diversity of lateral structure within the afterglows to
GRBs can also help constrain the physics that drives and shapes
these high-energy transients (e.g. Pescalli et al. 2015; Salafia et al.
2015, 2020; Beniamini & Nakar 2019; Gottlieb et al. 2020; Gottlieb,
Nakar & Bromberg 2021; Hamidani & loka 2021; Nathanail et al.
2021; Takahashi & Ioka 2021).
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