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ABSTRACT

Time-resolved linear polarization (IT) measurements of the prompt gamma-ray burst emission can reveal its dominant radiation
mechanism. A widely considered mechanism is synchrotron radiation, for which linear polarization can be used to probe the
jet’s magnetic-field structure, and in turn its composition. In axisymmetric jet models, the polarization angle (PA) can only
change by 90°, as IT temporarily vanishes. However, some time-resolved measurements find a continuously changing PA, which
requires the flow to be non-axisymmetric in at least one out of its emissivity, bulk Lorentz factor, or magnetic field. Here,
we consider synchrotron emission in non-axisymmetric jets, from an ultrarelativistic thin shell, comprising multiple radially
expanding mini-jets (MJs) or emissivity patches within the global jet, that yield a continuously changing PA. We explore a
wide variety of possibilities with emission consisting of a single pulse or multiple overlapping pulses, presenting time-resolved
and integrated polarization from different magnetic field configurations and jet angular structures. We find that emission from
multiple incoherent MJs/patches reduces the net polarization due to partial cancellation in the Stokes plane. When these contain
a large-scale ordered field in the plane transverse to the radial direction, IT always starts near maximal and then declines over
the single pulse or shows multiple highly polarized peaks due to multiple pulses. Observing IT < 40 per cent (15 per cent)
integrated over one (several) pulse(s) will instead favour a shock-produced small-scale field either ordered in the radial direction
or tangled in the plane transverse to it.

Key words: magnetic fields —polarization —radiation mechanisms: non-thermal —relativistic processes —gamma-ray burst:
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1 INTRODUCTION

Despite many efforts over the last several decades, the exact radiation
mechanism that produces the band-like (Band et al. 1993) non-
thermal spectrum of prompt emission in gamma-ray bursts (GRBs)
remains poorly understood (see e.g. Kumar & Zhang 2015, for
a review). The two most favoured mechanisms are optically thin
synchrotron emission from relativistic electrons with power-law
energy distribution (e.g. Sari & Piran 1997; Daigne & Mochkovitch
1998; Genet & Granot 2009; Rahaman, Granot & Beniamini 2024)
and inverse-Compton scattering of softer seed quasi-thermal photons
(e.g. Thompson 1994; Ghisellini & Celotti 1999; Giannios 2006; Gill
& Thompson 2014; Thompson & Gill 2014). Spectral modelling of
prompt GRB emission alone has proven insufficient in discriminating
between these two radiation mechanisms (e.g. Gill, Granot & Beni-
amini 2020b). One promising tool that could break this degeneracy is
linear polarization (see e.g. Gill, Kole & Granot 2021, for a review).

Linear polarization can also be used to better understand our
viewing geometry, the jet’s angular structure, and for synchrotron
emission also the jet’s B-field configuration. Time-integrated (Granot
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2003; Lyutikov & Blandford 2003; Toma et al. 2009; Gill, Granot &
Kumar 2020a) and time-resolved (Gill & Granot 2021) polarization
models for synchrotron emission from axisymmetric outflows have
been presented in many works. In this case, due to the azimuthal
symmetry of the emissivity, bulk Lorentz factor (LF) I" and the B
field in the emitting region, the net polarization angle (PA) 6 can
only align with two directions, either along the line connecting the
observer’s line of sight (LOS) to the jet symmetry axis or transverse to
it, regardless of the emission mechanism. Consequently, the change
in PA can only be Afy =90°. One way this symmetry can be
broken is when the observed region of angular size 1/I" around our
LOS contains an ordered B field. That can lead to a gradually and
continuously changing PA (Granot & Konigl 2003; Wang & Lan
2023a, b).

Time-resolved polarization measurements in GRB 170114A by
POLAR did hint at a continuously evolving PA (Burgess et al.
2019; Zhang et al. 2019). Similar changes, albeit integrated over
larger time-bins, have also been seen (with modest significance) in
some other GRBs (Yonetoku et al. 2011; Chand et al. 2019; Sharma
et al. 2019). Axisymmetric jet models cannot explain a continuously
changing PA, and hence the need to develop non-axisymmetric
models of prompt GRB polarization. Non-axisymmetric jet models
were discussed in many earlier works (e.g. Shaviv & Dar 1995;
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Gruzinov & Waxman 1999; Granot & Konigl 2003; Lyutikov &
Blandford 2003; Nakar & Oren 2004; Lyutikov 2006; Lazar, Nakar
& Piran 2009; Narayan & Kumar 2009; Zhang & Yan 2011; Huang &
Liu 2022). In many cases, this was in the context of GRB afterglows,
where the emission at any given observed time originates from several
mini-jets (MJs) or patches within a larger collimated outflow or global
jet. Such patches or MJs can vary in emissivity, bulk-I", and/or B-field
structure according to some distribution as a function of polar angle
0 and azimuthal angle ¢ measured, respectively, from and around
the jet symmetry axis.

In this work we generalize a model of time-resolved prompt GRB
polarization introduced in Gill & Granot (2021) to include several
MJs/patches, and demonstrate how a continuously varying PA can
be obtained for different jet structures and B-field configurations
when the emission mechanism is synchrotron radiation. The MJs
and patchy shell models are discussed in Section 2. The formal-
ism for calculating time- and energy-dependent pulse profiles and
linear polarization from an axisymmetric ultrarelativistic outflow
is presented in Section 3. In Section 4, we present our model of
non-axisymmetric jets including MJs or patches and calculate the
polarization evolution over a single pulse. In Section 5 the single
pulse formalism is used to obtain the polarization properties of
multiple overlapping pulses. Our conclusions are given in Section
7 along with a discussion of existing time-resolved polarimetric
observations and their interpretation within our model. In the Ap-
pendix, we present results for several additional cases to capture the
variety in polarization evolution expected in the scenarios explored
here.

2 MJS AND PATCHY SHELLS

Multiple mutually-incoherent emitting regions can arise within the
aperture of the global jet because of some kind of hydrodynamic
or hydromagnetic disturbance. The most likely nature of this dis-
turbance depends on the outflow composition (see Section 3.1),
i.e. whether it is kinetic-energy-dominated (i.e. weakly magnetized)
in which case it is ascribed to internal shocks between different
shells launched by the central engine, or Poynting-flux-dominated
(i.e. strongly magnetized) where a magnetohydrodynamic (MHD)
instability can produce it. In both cases, the distinct emission regions
can be envisaged either as individual blobs or MJs with mutually
distinct properties or patches that are assumed (for simplicity) to
vary only in emissivity. The MJs can vary in their angular structure,
e.g. uniform top-hat MJs or MJs with a core and power-law wings.
The distinction between MJs and patches disappears when the global
jet is uniform in bulk-I" and the MJs have a top-hat angular profile.

In general, the emitting blobs can be moving into random direc-
tions with a distribution of LFs y, in the mean outflow (local centre of
momentum) rest frame, which itself is moving with bulk LFT" > y;
(Lyutikov & Blandford 2003; Lyutikov 2006; Lazar, Nakar & Piran
2009; Narayan & Kumar 2009; Beniamini & Granot 2016; Granot
2016). As a result, a given observer will only receive emission from
a fraction of the total number of such blobs whose beaming cones (of
angular size ~ 1/ 'y, in the lab-frame) point towards the observer.
This also implies that emission from multiple blobs can be observed
within the 1/T" beaming cone of the outflow around the LOS.

Here we adopt a simpler scenario (Kumar & Piran 2000), where
we ignore the random motions of the emitting regions away from the
radial direction in the fluid frame, and instead assume that the MJs and
patches propagate radially. The angular size of the emitting regions,
# ~ 1/T,is dictated by causality, where I' is the local bulk LF of the
flow. Regions separated by angular scales much larger than 1/I" must
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remain causally disconnected. Therefore, the total number of MJs or
patches is limited to, e.g. N ~ (I'6;)* for a top-hat global jet with
half-opening angle 6;. Since the observed angular size of the flow,
set by the beaming cone, is also ~1/T", no more than a single MJ or
patch can be observed fully from within its beaming cone. However,
multiple such regions can be partially observed, from outside of their
beaming cones, depending on their distribution and covering factor.
Contribution to the observed emission from neighbouring patches
that lie outside of the beaming cone, as shown in later sections, must
arrive later due to the angular time delay and must also be suppressed
due to Doppler de-beaming.

Prompt GRB emission shows strong temporal variability on a
timescale 7, < fgrp Where fggrp is the total duration of the prompt
emission. This can be readily attributed to multiple shell collisions in
the internal shock scenario, but in general may require more elaborate
models, e.g. relativistic turbulence (Lazar, Nakar & Piran 2009) or
magnetic reconnection (Lyutikov 2006).

2.1 Magnetic field

To calculate the linear polarization, we need to know the structure
of the magnetic field in the emission region. Here we consider
four physically motivated structures (e.g. Gill, Granot & Kumar
2020a): (i) Bow: an ordered B-field in the plane transverse to the
radial direction and having a coherence length angular scale larger
than that of the beaming cone, such that 5 2> I'~! (Granot 2003);
(ii) B, : a shock-generated tangled (randomly oriented) B-field with
fp <« I'"! also constrained to be in the plane transverse to the
radial direction (Granot 2003); (iii) B): an alternative to the previous
case and a generalization of the shock-generated field, where the
field is now ordered in the radial direction (Granot 2003); (iv) By:
an axisymmetric globally ordered toroidal field that is expected to
arise in PFD outflows (Lyutikov, Pariev & Blandford 2003; Granot
& Taylor 2005). Please note that apart from By, the other field
structures possess global axisymmetry w.r.t the jet axis.

Large-scale ordered B-field configurations, such as Boq and By,
persist in Poynting-flux-dominated outflows. Near the jet launching
radius the B-field is anchored either in the accretion disk and/or
a rapidly rotating magnetar (e.g. Spruit, Daigne & Drenkhahn
2001). Since the poloidal component of an axisymmetric field
declines much more rapidly with radius (B,ocR™2) in comparison
to the toroidal component (B, R, the field at large distances is
predominantly transverse to the radial direction. It is also susceptible
to current-driven magnetic kink instabilities and/or turbulence at the
interface between the jet and confining medium (e.g. Bromberg &
Tchekhovskoy 2016; Lazarian, Zhang & Xu 2019), that distort its
shape and introduce random polarity reversals in different directions
across the jet surface (see e.g. fig.4 of McKinney & Uzdensky
2012 and fig.2 of Kadowaki et al. 2021). As a result, the field
reconnects at different locations within the bulk flow and produces
jets of relativistically moving electrons into random directions. These
electrons then radiate synchrotron photons into a cone of angular size
1/y,;, around their direction of motion in the bulk flow. The complexity
and appropriate physics of such a scenario is not captured by the
simpler model of radially propagating blobs/MJs explored in this
work. The coherence of the non-reconnecting magnetic field, along
which the electrons propagate and cool, is maintained on angular
scales 6 2 1/T, and these large scale fields occupy a large fraction
of the jet aperture. In fact, the presence of dynamically-dominant
large-scale fields would actually suppress the formation of blob-like
structures in the flow as that would require severely bending field
lines against magnetic tension, which is challenging to achieve in
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a strongly magnetized outflow. An additional source of free energy,
such as magnetic reconnection or proper velocity variations resulting
in internal collisions and in turn some magnetic reconnection, may
lead to the formation of local small blobs, but these are typically
expected on angular scales < 1/T". Therefore, the simpler MJ scenario
assumed here is not so well physically motivated in this case. Instead,
we describe the non-axisymmetric emission in this case using a
patchy shell with distinct emissivity patches. These represent the
locations where the accelerated electrons lose most of their energy to
synchrotron radiation while propagating along the non-reconnecting
large-scale fields. In the B, scenario, it is further assumed that the
non-reconnecting field retains its initial toroidal structure even after
some of the field reconnects locally due to instabilities in the flow.

On the other hand, the MJ scenario is well suited to describe
a kinetic-energy-dominated outflow, in which collisions of inho-
mogeneous and radially propagating shells may in turn produce
several radially propagating blobs. These collisions would also lead
to internal shocks and therefore shock-produced fields, such as B, or
By, that represent two extremes of the field anisotropy with respect
to the direction of the local shock normal, which aligns with the lab
frame fluid velocity (assumed radial in this work). The true anisotropy
of the field at such collisionless shocks is not entirely clear yet and
it may be intermediate between these two extremes, and evolve with
the distance behind the shock (Granot & Konigl 2003; Gill & Granot
2020).

3 AXISYMMETRIC JET POLARIZATION
MODEL

We consider the dynamics and emission of an ultrarelativistic thin-
shell, with LF " > 1 and lab-frame width A < R/T'2. The shell
radiates between radii Ry and Ry = Ry + AR. During this time, its
dynamical evolution is governed by I'(R) = Io(R/Ry)™"™?, where
'y = ['(Rp). The index m is used to study cases in which the
shell is coasting (m = 0), accelerating (m < 0), or decelerating
(m > 0). All comoving quantities henceforth appear with a prime.
The shell’s comoving anisotropic (w.r.t. the local B-field direction)
spectral luminosity evolves with radius as the peak luminosity and
spectral peak energy change as a power law with radius,

L' (R, 6) L (R)HS v (9) ith ’ /(R)d
VAT 0 Ro VI/Jk ! Yok = Yo Ry ’
(1)

where Ly = L/, (Ro) and vy = Vl/)k(RO) are normalizations of the
k

spectral luminosity and peak frequency at R = Ry, and f{f) encodes
the jet (axisymmetric) angular structure. The comoving spectrum is
assumed to be the phenomological Band-function (Band et al. 1993),

21 e—(1+bDx
S(x) =e't" { bi=ba ,—(b;
b

X =<Xp,

b (@)

xb2x ) x> x,

where x = v'/v), = (2Fo/8p)xo(R/Ro)™ with xo = (v/vg). Here
Vo = 2Ivy/(1 + z) (z being the source redshift) is the peak fre-
quency of the first photons emitted along the observer’s LOS from
radius R and received at time ¢ = £y, and Jp is the Doppler factor
defined below. The break energy x, = (b; — b2)/(1 + b;) > 1 when b,
< —1. The power-law indices a and d in equation (1) depend on the
outflow composition and dynamics, which we briefly discuss next.

3.1 Outflow composition and dynamics
The outflow’s dynamical evolution and how energy is dissipated and

then ultimately radiated, are sensitive to its composition, typically
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expressed in terms of its magnetization o, given by the ratio of
the magnetic to matter enthalpy densities. When o < 1, the flow
dynamics are described by the fireball model (Paczynski & Xu 1994;
Rees & Meszaros 1994; Sari & Piran 1997; Daigne & Mochkovitch
1998), in which after an initial rapid acceleration phase with I'(R)xR,
the fireball LF saturates to ', 2 100 and the outflow becomes
kinetic-energy dominated. During this coasting phase (m = 0) part
of the kinetic energy is dissipated and radiated away in internal
shocks.

Alternatively, when o 2 1, the outflow is Poynting flux dominated
(e.g. Thompson 1994; Lyutikov & Blandford 2003), and the main
energy reservoir is magnetic. This energy may be dissipated via
magnetic reconnection and/or MHD instabilities, e.g. the Kruskal—
Schwarzchild instability (Lyubarsky 2010; Gill, Granot & Lyubarsky
2018) which is the magnetic analog of the Rayleigh-Taylor insta-
bility. These can develop in models of high-o outflows featuring a
striped wind (Lyubarsky & Kirk 2001; Spruit, Daigne & Drenkhahn
2001; Drenkhahn 2002; Drenkhahn & Spruit 2002; Bégué, Pe’er &
Lyubarsky 2017) in which the magnetic field lines reverse polarity
and magnetic energy is dissipated when opposite polarity field lines
undergo reconnection. A significant fraction of the dissipated energy
goes towards accelerating the flow as TocR'3, i.e. with m = —2/3.
A similar acceleration profile is also obtained in a highly time-
variable high-o outflow even without field polarity reversals (Granot,
Komissarov & Spitkovsky 2011; Granot 2012; Komissarov 2012),
which may still dissipate energy via internal shocks.

Gill & Granot (2021) showed that for a kinetic-energy-dominated
(KED) flow the power-law indices in equation (1) area =1 and d =
—1 (see also Genet & Granot 2009), while these for the Poynting-
flux-dominated model are a = 4/3 and d = —2. For brevity, we only
present results for the KED flow here and note that these can be
easily generalized to different m values.

3.2 Light curve and polarization

The energy-dependent linear polarization, I1, = \/Q2 + UZ/I,,
can be expressed using the Stokes parameters {/,, Q,, U,, V, } where
V., = 0 (negligible circular polarization) is expected, I, F, is the
total specific intensity at frequency v, and F), is the flux density. The
ratio of the Stokes parameters is given by (Gill, Granot & Kumar
2020a),

0,(t) [émmx dﬁ da 53 L, P 27'(d~A ~, T COS(ZGD)
L) _ Rmin F LR [ dAG, @) Sin(26,) )
U,(t;) f[?mux ap ;1% Sﬁ)L:‘,(ﬁ) fOZT\' dGAE, §)

L) fimin

for radiation received by a distant observer in the direction of the
unit vector 7 from a thin-shell located at a redshift z and expanding
with LF T = (1 — %)~ and radial velocity Ec, with ¢ being the
speed of light. The Doppler factor relates the observed and comoving
frequency of radiation emitted by material moving in the direction
of the unit vector f = B/ﬂ, and it is given by §p = (1 + )v/V' =
[T =B -] = [T — B, where - = ji =cosf with
6 =6(0, ) and ¢ being the polar and azimuthal angles measured,
respectively, from and around the LOS. For an ultrarelativistic flow
" > 1 and for which 8, &~ 2I'/(1 + &) with £ = (I')?. The arrival
time ¢ of a photon originating at an angle  and from a radius R is
given by (e.g. Granot, Cohen-Tanugi & Silva 2008)

(R R (] @
T T T+m)"

for an ultrarelativistic thin-shell expanding with bulk LF I"(R)ocR "2
withm > —1, and where 1, = fOR dR'/cB(R’) is the lab-frame time.

tZ(Rv /1) =
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Figure 1. The physical set-up showing different angular scales. A single
top-hat MJ (blue) or a uniform patch, with half-opening angle O;, is shown
inside a top-hat global jet with angular size 6;. The symmetry axis of the MJ
has coordinates (6j, ¢mj) W.r.t the global jet axis, where the azimuthal angle
(and the polarization angle 6r7) is measured counter-clockwise from the line
connecting the global jet symmetry axis and observer’s line of sight (red plus
sign). The red circle shows the beaming cone of angular size 1/T". The same
set-up is also generalized to global jets with angular structure with 6; — 0,
where 6. is the angular size of the core.

Here we made the approximation i &~ 1 —#2/2 for § « 1 when I’
> 1 and where & = (I'6)? = (T'y0)2R~™ = E&, R~ with R = R/R,.
The arrival time of the first photons originating at radius Ry and along
the LOS with i = 1 (§ = 0)is tp, = Ro/2(1 + m)T3c.

The comoving synchrotron spectral luminosity L/, is anisotropic
and A, @) = ([1 — (@ - B')*]¢/*) represents the factor relating to
the pitch angle of radiating electrons averaged over the local proba-
bility distribution of the comoving magnetic field B’ in equation (3),
and where I1" and 6, are the local (and not averaged over the whole
observed region of the emitting shell) degree of polarization and
position angle, respectively. When the power-law electrons’ energy
distribution is independent of their pitch angles, € = 1 + « where
o = —dlog F,/dlogv is the spectral index (Laing 1980; Granot
2003). Expressions for A(E, @), 6,, and I1’ for different magnetic
field configurations and assuming an ultrarelativistic uniform flow
were first derived in Granot (2003); Granot & Konigl (2003);
Lyutikov, Pariev & Blandford (2003); Granot & Taylor (2005) and
are summarized in Toma et al. (2009); Gill, Granot & Kumar (2020a).

4 NON-AXISYMMETRIC JET STRUCTURE:
MJS AND PATCHES

Here we develop a general formalism that describes the distribution
of MJs/patches inside the aperture of the global jet. For brevity, we
only refer to MJs in all of the formulae in what follows, but the same
formalism is used to describe patches.

We consider several (non-overlapping) MJs distributed inside a
global collimated outflow (or jet), which is axisymmetric on average,
with angular size much larger than each MJ. The coordinates (6 y;,
¢m;) of the symmetry axis of each MJ (relative to the symmetry axis
of the global flow), as shown in Fig. 1, are randomly drawn from their
distribution according to the solid angle, d2 = d(cos 6)dg, so that
the probability density function for a given 0 < 6pj < (Oax — Q_mj)
and 0 < ¢y, < 27 follows from
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$in Oy 6y
P mj mj — L = N
O = o oS — ®
A
P(pui)dpn = 2. ©)

271

Here, Q_mj is the MJ half-opening angle and 6,,,x can be the half-
opening angle of a top-hat jet (6;) or some multiple of the core angle
(6.) of an angular structured jet. To obtain non-overlapping MJs, we
set the condition so that the angular separation between the symmetry
axes of any two neighbouring MJs follows A6, > Oj; + O j, O
A - ;< coS(Omj; + Omj,;) Where 7y is the direction of the kth MJ’s
symmetry axis, i.e.

A -fij = cos b} = 7)
Sin Oy ; $in Oy, j COS(Prmj,i — Prm, j) + €COS Opyj,i COS Oy -

While the minimum separation here is strictly true for non-
overlapping top-hat MJs, it must be some multiple of the core sizes
if the MJs have angular structure. The total number Ny,; of MJs is
limited by the covering factor, which e.g. in the case of top-hat MJs
inside a top-hat global jet is given by

50N\ 2

F = Np; <%> = ijﬁ, 8)
0 j

where & mj) = (T'{0;, Omi})*.

To calculate the pulse-profile and polarization from each MJ,
we use the formalism described in Section 3 to obtain the Stokes
parameters {/, nj, Qv mj, Uy mj}. Since for incoherent radiation the
Stokes parameters are additive, we then obtain the net light curve and
polarization by adding the contribution from each MJ, such that &, =
W, mj,i where W, ={1,, Q,, U, }. The net polarization at time z, is
obtained from IT,(7,) = \/Q%(t;) + UA(t,) / I,(t,) and polarization
angle from Op(t;) = % arctan[U,(t;)/ Q,(t;)]. The time-integrated
polarization is likewise obtained from time-integrated Stokes pa-
rameters, with U, = [ W, (t,)dt, and I1, = /02 + U2/1,.

Depending on the scenario considered, the MJs/patches can vary
in emissivity, bulk-T", angular size, and even angular structure (only
in the case of MJs). Here, we consider three different scenarios,
namely

(i) top-hat MJs or uniform patches inside a global top-hat jet,

(ii) the same inside a global jet with angular structure, and

(iii) MJs with angular structure in emissivity in a global top-hat
jet.

4.1 Top-hat MJs/patches inside a global top-hat jet

The top-hat MJs/patches have angular size (half-opening angle)
Omj & &Emj = (T'0y;)? that is much smaller than that of the global
top-hat jet with 6;<&; = (I'6;)>, where I' > 1 is the bulk LF of
the entire flow. The distribution of the MJs/patches inside the global
jet is shown in Fig. 2, along with the location of the viewing angle
surrounded by the beaming cone (red circle). Fig. 2 also shows the
B-field lines for the globally ordered toroidal field (By,) as well as
the orientation of the B-field lines for the case of an ordered field
(Bora) inside of every patch.

The normalized light curve, net polarization and polarization
angle, are shown as a function of normalized time 7 = ¢ /tq = t, /1o,
in Fig.2 for all of the different B-field configurations and for a
pulse with AR/Ry = 1 and xp = 0.1 for all of the MJs/patches.
Contributions from different MJs/patches are shown with different
colours that correspond to their locations within the global jet. The
light curve is normalized using the maximum flux density Fy, from a
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10'F KED, b = ~0.23, by = —1.25, ARVRy ~ 1, F — 0.3 9
.

10F & = 10%, Earenymy = 1, ¢ = 0.25, 29 = 0.1 1

1
1
1
L

T p———

Miiiimmin

I
T T 1 T T
0 5 10 15 20 25 300 5 10 15 20 25 300 5 10 15 20 25 300 5 10 15 20 25 30
t=t/ty=2(1+m)3ct/Ry t=t/to=2(1+m)sct/Ry t=t/to=2(1+m)ct/Ry t=t/to=2(1+m)5ct/Ry

Figure 2. Top: A global top-hat jet (solid black circle) comprising several top-hat MJs (used for B) and B ) or uniform emissivity patches on the global
jet’s surface (used for Borg and Byor). The global jet and MJs /patches have normalized (by the causal size) solid angles &; = (1"9j)2 = 10? and Epatch/mj =
(I‘H_pamh/mj)z = 1, respectively, with a covering factor F = 0.3 implying Nuj/pach = 30 MIs/patches. The Boq field is illustrated here with the patches having
an ordered B field with coherence angular scale of 6p ~ épamh in the plane transverse to the radial direction. The globally ordered toroidal field By, is shown
with grey dashed concentric circles around the global jet’s symmetry axis marked by a ‘+’ symbol. The size of the beaming cone is shown with a red circle,
having & = (I'0)? = 1, around the observer’s line of sight (LOS) marked by a red ‘+’ symbol. Bottom: Pulse profile and polarization evolution over a single
pulse for a kinetic-energy-dominated (KED) flow with I'(R) = I'(Rp) = I'g > 1. The flux density is normalized by the peak flux density (F) from a MJ/patch
centred at the LOS, and the time is normalized by the arrival time (#p) of the first photons emitted along the LOS by material at radius Ry. The contribution of
the Nmj/pacch distinct MJs/patches is shown with different colours, while the global quantities are shown with a black curve. These are the pulse profile (top),
linear polarization (middle), and polarization angle (bottom) measured counter-clockwise from the horizontal axis. The black dashed line in the middle panel
shows the time-integrated polarization. Only a single light-curve panel is shown as the differences in light curves for the different B fields are negligibly small.

hypothetical (if not present) MJ/patch centred at the LOS. Since all
of the MJs/patches are viewed off-axis (LOS outside of the MJ/patch
aperture) in this set-up, the emission arrives at the observer with an
angular delay in addition to the radial one (that causes the emission
from a MJ/patch along the LOS to start arriving at 7 = 1). Hence, the
presence of an offset in the rise time of the pulse with respect to t =
to (f = 1). For reference, the angular delay time for emission arriving
from an angular distance of 1/I" (size of beaming cone) away from the
LOS is exactly the same as the radial time delay for a uniform flow
(with m = 0), which would give a total time delay of t = 2y or 7 = 2.
The light curve also shows a shallower decay post-peak, in compar-
ison to that of individual MJs/patches, due to the contribution from
several MJs/patches with progressively larger offsets in the rise times.

The polarization curves, as shown in the middle panels of Fig. 2,
initially reflect the IT of the MJ/patch that dominates the flux, which
in this case is the one closest to the LOS. As emission from other
Mls/patches starts to arrive, and even dominate the flux at different
times, the net IT declines much more rapidly in comparison to the
very shallow decay of that from each MJ/patch. The reason behind
this decline in the net IT is the cancellation due to different randomly
oriented PAs of the overlapping emission, which is also reflected in
the temporal evolution of the net PA (6r7) as shown in the bottom
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panels of Fig. 2. The net polarization is then approximately obtained
from I ~ T1y/~/N, where Iy is the polarization at any given time
from a MJ/patch that makes the dominant contribution to the flux.
This polarization is then diluted by the contribution from N — 1 other
MIs/patches that effectively contribute to the total flux. Therefore,
as N grows the net polarization will decline accordingly. The
characteristic trend of net IT in this scenario is that it will be largest,
even close to maximal, at the onset of the peak, but it will always
decline in the tail of the pulse while the net PA changes continuously.

The time-integrated polarization is shown using a black dashed line
inFig. 2. When g < 1 in auniform jet, the time-integrated polarization
vanishes for B fields, e.g. B, and Bj|, that are axisymmetric around
the local shock normal or velocity direction (radial here), due to
complete cancellation in the Stokes plane. Here, the MJs break that
symmetry and yield a modestly high polarization.

Although the global PA changes continuously, that of each MJ
is still strictly limited to Afp = 90° in the cases of B, and B.
This is due to the fact that each MJ is axisymmetric around its
own symmetry axis. When the PA changes by 90°, the polarization
vanishes and reappears. The temporal evolution of PA is exactly the
same for both B, and B|| fields, except for the 90° offset. Since the
field structure is similar in both cases, i.e. axisymmetric around the
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Figure 3. Same as Fig. 2 but with AR/Ry = 4.

radial direction (generally it is around the local shock normal), the
temporal evolution of the PA is also similar, and the 90° offset is
caused by the same offset in the orientations of the two B fields with
respect to the radial direction.

The axisymmetry is broken in both the Byg and By, cases due to
the presence of a large-scale B field, and in both the PA does change
continuously and gradually. In some instances, when the global IT,
and even that from a single patch, shows a local minimum with I1
close to zero, the PA correspondingly shows a gradual change with
Afn < 90°, akin to an S-curve and not a sharp one.

Fig. 2 only shows one random realization of the distribution of the
MlJs/patches. To see how the polarization properties might change
with different arrangements, we produce two additional random
realizations in Fig. Al for comparison. Here, we demonstrate how
the temporal evolution of polarization can be significantly different
in different bursts under the assumed scenario. More importantly,
the time-integrated polarization can be drastically different. This is
especially true for B, By, and B,q magnetic fields, where the time-
integrated polarization can vary by 15—20 per cent.

The effect of a longer emission time, with AR/Ry = 4, is shown
in Fig. 3. This results in stretching the time when the last photon is
received from the material closest to the LOS by a factor of R; =
14+ AR/Ry for a (coasting) flow with m = 0 (see Gill & Granot
2021 for different critical times and additional details). Therefore,
compared to the case shown in Fig.2 with R; = 2, the first break
in the light curve shown in Fig. 3, corresponding to emission from
R ¢ =15, occurs at a normalized time that is 5/2 times larger. For
some MJs/patches, the first break in the light curve may occur due
to passage of the spectral break across the observed frequency v as
set by xp = v/vy.

Fig. 4 shows the effect of alarger & pactymj. One obvious outcome for
a fixed covering factor is that the total number of MJs/patches must
be smaller. Secondly, the post-light curve-peak contribution, arising
from angles outside of the beaming cone, to the total emission from
each MJ/patch is stretched out over larger times. As a result, changes
in IT and O show a temporal delay. Fig. A2 shows how the pulse
profiles and polarization properties change for a variety of MJ/patch
angular sizes. Inhomogeneities with angular sizes somewhat smaller
than the local causal size, with & ycmj < 1, may potentially exist
over a single dynamical time or so before being smeared out over
the local causal size. Therefore, for comparison, Fig. A2 also shows
a case with & pycymj = 1/4.

Fig. 5 shows the effect of a larger covering factor with 7 = 0.4.
A larger covering factor while keeping the angular size of the
MlJs/patches fixed means that a larger number of MJs/patches
contribute to the global light curve at any given time, thus making the
light curve somewhat smoother and the global polarization slightly
smaller when compared with the F = 0.3 case. Different covering
factors for a fixed & paictymj are shown in Fig. A3. In all cases, the initial
trend at 7 < 10 is the same regardless of F and the behaviour only
diverges at later times. This is due to the fact that the arrangement
of the MJs/patches within an angular size of a few beaming cones
is the same in all cases. Being closer to the LOS these MJs/patches
make the dominant contribution at early times (or even the only
contribution due to the larger angular time delay in the onset of the
emission from more distant MJs/patches). Anincrease in the covering
factor introduces additional MJs/patches, which, being farther away
from the LOS, contribute to the total flux at later times. Hence, the
divergence in the polarization trends at later times. The scenario with
the larger F, and therefore larger Npqich/mj, shows the lowest level of
polarization at late times. This again confirms the aforementioned
point where observation of larger number of MlJs/patches with
randomly oriented PAs reduce the global IT.

4.2 Top-hat MJs/patches in an angular structured global jet

Next, we consider a global jet with angular structure both in the
comoving spectral peak luminosity and bulk-I" (e.g. Rossi, Lazzati
& Rees 2002; Granot & Kumar 2003; Kumar & Granot 2003; Rossi
et al. 2004; Gill & Granot 2018; Gill, Granot & Kumar 2020a),

VL', (Omi ) —
L/(J) =@, FOm)—1 _ e, 9)
L, L. —1
0. 2
Om) =1/ 1+ (%) ;

where v}, is the spectral peak frequency, Ly = v, L, . (Omj = 0) is
the spectral peak luminosity at the global jet symmetry axis, 6p;
is the polar angle of the MJ/patch symmetry axis, and the angular
profiles fall off as a power law for polar angles larger than some core
angle 6. Since Q_mj &K Omax = k6., where k ~ few is limited by the
compactness argument (Gill, Granot & Kumar 2020a), we consider
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Figure 4. Same as Fig. 2 but with & jactvmj = 4, Npacchmj = 8 and F = 0.32.
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Figure 5. Same as Fig. 2 but with covering factor F = 0.4 corresponding to Npatch/mj = 40.
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only top-hat MJs/patchesbut whose L/, and/or bulk-I" vary with 6.
according to the angular structure profile.

When I'y; = I'(0) of the MJs/patchesis varied in the sample,
three important effects occur that are not present in the earlier case
of a global top-hat jet. First, the angular size (0;) of the MJs/patches
will vary according to the measure &y = (I'mjfimj)?, where for a fixed
& j the angular size O, oc 1/ I'yj will gradually grow as I'p,j declines.
The lowest physical value of &y, is unity since that represents the
smallest angular scale over which the jet remains causally connected,
and any smaller scale large amplitude inhomogeneities in the flow
will naturally expand to this size over a dynamical time. To be able
to see the polarization trends in a simpler manner, we instead assume
a broken power-law approximation for the growth of fy,; with 6.y,
such that

Omj(Omj) = max |:9_mj,cﬁ

\/m} e Yimic _y e 4

[ (Omj) e &

where &. = ([0:)%, Emje = (DeOmjc)®, and Opjc = Oni(Omj = 0).
When being more conservative &y min = 1, but here we also allow for
the possibility of &pj min < 1. In the ultrarelativistic limit, the above

condition can be expressed as

_ T\ 2
émj = (rmjemj)2 = max |:$mj,c (1_,7]) ) Smj,min:| (] 1)

~ —2b;
~ max [Smj,c('3 ’, Smj,min] .

It implies that the angular scale of the MJs/patches remains constant
for a given &y c and I'. > 1 or 6, < 1, until it becomes smaller

than \/&mj min/ [y after which point Omj = /Emj min/ T'mj- In the

ultrarelativistic limit, this critical angle is given by

1/2

Emi 1/b;
'mj,min

for b; > 0. In the limiting case of &njc = &mjmin> Omj» = 0 and
the growth of émj occurs for all angles 0. To maintain a uniform
covering factor locally when 0y, grows with angle, the probability
density in equation (5) is modified to

S0 O (13)
O 0

mj

P(Qmj > Qmj*) X

where the approximate expression on the right is valid for 6,; <
1. Finally, since the MJs/patches have different bulk I', the radial
distance R, travelled by them before they start radiating can be
different. For simplicity, here we assume that all MJs/patches start
to radiate at the same radius Ry.

The covering factor in this case is calculated from

A 2
F = Z |:91njéi(9mj):| ’ (14)

max

and a round number of MJs/patches are obtained for a given F.
Secondly, assuming that the initial comoving spectral peak frequency
(vy) at R = Ry is the same throughout the flow, the observed
frequency of these first photons received along the LOS of an
on-axis observer for each MJ/patch will be different according to
X0,mj = V/Vo,mj» Where vo mj = 20, mjvy/(1 + z). For a fixed vy, this
only depends on the angular profile of the global flow, such that
X0,mj(Omj) = Xo,c[Co,c/ T'o(Bmj)]. Thirdly, the normalized arrival time
of these first photons (accounting only for the radial time delay),
Imj = t/tomj = 2(1 + m)F(Z)ymjct/Ro = 7.[To(Omj)/ To.c 1>, will be dif-
ferent for each MJ/patch. In practice, at most one MJ/patch intersects
the LOS and the true arrival time of the first photon is larger
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by the corresponding angular time (and their Doppler factor is
lower).

Fig.6 shows the polarization evolution of several top-hat
MlIs/patches within the aperture of a global jet with power-law
angular structure in both the emissivity (¢; = 1) and bulk-T" (b; =
1), and for an observer with g = 6,,/6, = 0.25. Polarization trends
similar to that shown in Fig. 2 are obtained here. The main difference
is that due to the power-law angular profile in emissivity, MJs/patches
within the core make the dominant contribution while those outside
of the core remain insignificant. In addition, the growing sizes of
the MJs/patches due to the bulk-I" angular profile limit their total
number for a given covering factor.

Fig. 7 shows the effect of a larger viewing angle with ¢ = 1.25.
Here, the emission is dominated by a single MJ/patch, with 6 pactymj >
Oobs (but Opatch/mj < Bobs), closest to the observer’s LOS. Even though
the MJs/patches at 6 ychmj < Oobs that contribute to the emission are
intrinsically brighter, they still do not make a dominant contribution
due to the Doppler de-beaming of their emission caused by their
larger angular distance away from the LOS and their larger LFs.

Fig. 8 shows an even more extreme case with ¢ = 2 and much
steeper angular profile in emissivity (a; = 3). It shows qualitatively
the same behaviour as was seen in Fig. 7. This arises since
the huge Doppler de-beaming of the emission from MIJs/patches
within the jet’s core still wins by a large margin over their larger
intrinsic brightness even for fairly steep jet emissivity angular
profiles.

Fig. 9 shows the effect of a larger angular size of the MJs/patches
in the core, or equivalently of larger & paches/mj, - This increases the
polar angular scale 6y, out to which the MJs/patches maintain a
fixed angular size before they start to grow. For &pschesimj,c = 4
and b; = 1, Oy /0. = /3. Due to the fixed angular size of the
MlIs/patches, this case looks rather similar to that shown in Fig. 4, but
the important difference between the two cases is that here the bulk I
and emissivity of each MJ/patch changes with the global jet angular
profile.

Fig. 10 explores an interesting scenario where the global light
curve now shows two separate peaks. This is in contrast to all of the
earlier cases that show only a single peaked light curve. In a global
jet with angular structure in both emissivity and bulk I', two effects
play an important role in determining the flux of a MJ/patch when
the LOS of the observer is outside the aperture of that MI/patch,
i.€. Gpaichymj > 1. First, if the observer is off-axis w.r.t. the symmetry
axis of the global jet, with g = 0,,/0, > 0, the MJ/patch at € puichym;
< Bops Will be intrinsically brighter than the one at 8 yych/mj > Gobs.
depending on the exact power-law decay in emissivity with angle
O pach/mj- Second, when gpaciymj > 1, emission from the MJ/patch
is Doppler de-beamed, making it dimmer. In the case shown, the
MlJ/patch that forms the second peak in the global light curve is much
closer to the LOS compared to a few other MJs/patches that have
approximately the same 6 ych/mj but have a larger angular distance
from the LOS.

The effect of different & yycymj,c is shown in Fig. A4. As before,
the larger angular sizes of the MJs/patches curtail the contribution
to the total emission from larger number of MJs/patches, whereby
only a single MJ/patch may make the dominant contribution in most
cases. This leads to less chaotic changes in the PA where it remains
steady over longer fractions of the pulse duration.

When the global jet has a much steeper power-law profile of bulk-
I", the issue of having only a few MJs/patches contribute to the total
emission becomes even more pronounced. In the example shown in
Fig. A5, as b; becomes larger (steeper profile) only those MJs/patches
closer to the LOS start to dominate over the entire pulse.
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Figure 6. Top: Top-hat MJs/patches within the aperture of a global jet with power-law angular structure in both the comoving emissivity (a; = 1) and bulk-I"

(bj = 1). The global jet has a core with normalized angular size &1 2

= I'c6, = +/30. The angular sizes of the MJs/patches are assumed to scale according to

equation (10) with &pychymjc = 1 and a covering factor F = 0.3. Here, the red circle represents the 1/I'(6yj) beaming cone around the LOS (shown with a
plus symbol) located at g = 0,ps/0. = 0.25. The angular sizes of the inner and outer grey shaded discs are 6, and 26.. Bottom: Pulse profile and polarization
evolution for different B-field configurations. See Fig. 2 and the text for more details.

The effect of different jet core sizes is explored in Fig. A6, where
smaller core sizes, corresponding to smaller £, values, means that for
a given covering factor only a small number of MJs can be introduced
within 0, = 26.. It also means that the angular sizes of the MJs
will start to grow much closer to the jet symmetry axis.

4.3 Angular structured MJs/patches inside a top-hat jet

The angular structure of the MJs is not limited to the highly idealized
top-hat profile. Therefore, we consider here MJs with a power-law
angular structure inside a uniform global jet. The angular structure is
considered only for the comoving emissivity alone, with a uniform
angular profile in I";, such that

Oui(@) = /14 (0/6w)?, 15)

where the angular profile depends on @, which is the polar angle
measured from the symmetry axis of each MJ, whose core angle
is fyj. The luminosity normalization L{, .. = v/,L! ;,.mj(é = 0) is the
same for all of the MJs.

Here, we do allow for the possibility for the patches to also have
a similar angular structure in emissivity. This is mainly done for
comparison between the different B-field cases. In reality, large
emissivity gradients should be short-lived after a shell collision
and the patches must become approximately uniform in a region of
angular size ~1/T" over a single dynamical time. On the other hand,
the emission may last only over a single dynamical time, during
which significant gradients are not yet efficiently washed out.

e _ ’ —0mj
VoL mj = LomiOmi
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The top-panel of Fig. 11 shows the distribution of MJs/patches,
where the non-overlapping condition is set to having the centres
of the two MJs/patchesbe apart by at least 46,. Since there is
always material emitting along the LOS when the MJs/patches have
angular structure, the pulse onset is without any offset and starts at
f = 1, even from the distant ones. In the shown set-up, the MJ/patch
centred closest to the LOS makes the dominant contribution over
the distant ones. In the B,q case, the global polarization is reduced
due to partial cancellation owing to contributions to the emission by
other MJs/patcheswith different PA, even though their contribution
is subdominant. A similar reduction in the initial global IT does
not happen for By, at least until 7 ~ 10, since the PAs of all the
dominantly contributing patches are rather similar, which avoids
cancellation of the polarization. In the B and B cases, the initial
polarization at 1 <7 <2 is very small due to almost complete
cancellation of the polarization vectors owing to the fact that within
the beaming cone the prescribed angular structure is insufficient to
strongly break the symmetry around the LOS. However, after the
pulse-peak at 7 > 2, when high-latitude emission starts to become
important, the polarization starts to grow and reaches a mean value
before declining again. In all cases, the evolution of the PA tracks
that of the MJ/patch that makes the dominant contribution to the total
emission.

Fig. 12 shows the effect of a much steeper (a,; = 4) emissivity
angular profile of the MlJs/patches. The greater variation of the
emissivity within the beaming cone offers a way to increase the
polarization of the MJs/patches that are closest to the LOS and
also contribute dominantly. As a result, the global polarization
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Figure 7. Same as Fig. 6 but with ¢ = 1.25.
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Figure 8. Same as Fig. 6 but with a; = 3 and ¢ = 2. The four grey shaded discs have angular sizes 6., 20, 36., and 46..
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Figure 10. Same as Fig. 6, but with & = 4, &mj.c = &mjmin = 1/4, ¢ =1, and F = 0.3. The four grey shaded discs have angular sizes 60, 20, 36, 40..
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Figure 11. Top: MJs/patches with a power-law (comoving) emissivity profile, with power-law index apj = 2, within the aperture of a global top-hat jet. The
two shaded discs within each MJ/patch show the angular size Oj = \/5; /T and 20y, The colour gradient reflects the gradient in the emissivity. The red circle
shows the angular size of the 1/I" beaming cone for comparison. The light curve is normalized by the maximum flux density from an MJ/patch observed on-axis.
Bottom: Pulse profile and polarization evolution shown for different B-field configurations.
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Figure 12. Same as Fig. 11 but with a steeper (amj = 4) emissivity profile of the MJs/patches.

also increases. A second effect of having a steeper profile is the
enhancement in the contribution of the MJ/patch closest to the LOS
over the others. This results in reduced cancellations in the Stokes
plane and thus a higher global polarization. Finally, neighbouring
MlJs/patch scan dominates the total flux during the tail of the pulse
leading to secondary peaks in the polarization and larger changes in
the PA.

Fig. A7 shows the variation of IT and 6; over the pulse profile for
different values of &,; = (Fémj)2. To keep the same number of MJs
while &y is increased we fix the ratio &;/&m = (8;/0m)* = 10%.

Larger levels of polarization over the pulse is obtained when &
is smaller. This can be simply understood by noticing that for
a smaller &, the angular size of the observed region 1/I' =
&, ,LJ/-ZOmj is a larger fraction of the core angle, which then permits
a larger variation of the emissivity within the observed region
for a given apj. As &g is increased the angular size of the ob-
served region shrinks w.r.t the core angle, which leads to smaller
variations of the emissivity in the observed region, and therefore
smaller levels of IT. Correspondingly, the change in the PA also
diminishes.

MNRAS 527, 12178-12195 (2024)

20z Arenuer G| uo 1senb Aq 008Z0S /8. LZ 1 /¥/L2S/RRIe/Seluw/woo"dno-ojwapese//:sdny woly papeojumoq



12190  R. Gill and J. Granot

10! ..KED i)] - —IO..25,. bzl :'_'1.2'57 AR/RO T 1'7 ]_- - 031
§£J' = 1027 g!llj/patch =1,q=025 2o = 0.1, Npulsc = 10§

10 15 20
t=1t/tg=2(1+m)Tict/Ry

o TTTT T
(S

101 BKED, by = —0.25, b, = —1.25, AR/Ry = 1, F = 0.3]
z]' = 1021 émj/patch = 17 q= 025, Ty = 01 Npulsc = 20?

0 5 10 15 20 25 30
t=t/ty=2(1+m)l5et/Ry

Figure 13. Polarization evolution of multiple (left: Npyise = 10, and right: Npyise = 20) overlapping pulses, shown for different B fields. All else is the same as
in Fig. 2 (namely top-hat MJs or uniform patches within a top-hat global jet) except for the fact that each pulse is obtained from a different random realization
of the distribution of MJs/patches inside the global jet. The dashed lines in the middle panel show the time-integrated polarization.

5 MULTIPLE OVERLAPPING PULSES

In the earlier sections, we only considered a single pulse that would
result from an isolated energy dissipation episode, e.g. a single
collision between two shells in the internal shocks scenario. However,
such cases are rare and typically prompt GRB emission shows
multiple overlapping pulses with a variety of pulse widths. The onset
time of the ith pulse, e.g. in the internal shocks scenario is given by

Ry,

— 16
2(1 +m)T}c (16)

tonset,z,i = lej.z.i + 0. = lej,z,i +
where 7 . ; is the ejection time of the shell and # . ; is the radial delay
time. This equation is strictly true for spherical shells or if there
is emitting material along the LOS. Otherwise, the arrival time of
the initial photons incurs an additional angular time delay, as shown
in equation (4). In addition to the above, emission from each shell
collision can last over different (AR);/R,, ; radial distances, giving
rise to different pulse durations. In the Poynting-flux-dominated
case, the ejection time can be replaced by the timescale over which
an MHD disturbance occurs. To keep the treatment simpler, here
we dispense with the details of the shell energization process that
produces multiple pulses, and instead shift the onset time of each
pulse by Afonerzi With respect to the onset time of the first pulse.
This time shift is drawn randomly from a uniform distribution with
0 =< Atonsel,z,i = Atmz\x .

In Fig. 13, we show the polarization evolution with B-field
configurations for Npuse = {10, 20} overlapping pulses with Atmax /%
= {10, 20} and (AR);/Ry,; = 1. The rest of the setup is the same as
in Fig. 2, but each pulse constitutes a different random realization of

MNRAS 527, 12178-12195 (2024)

the distribution of the MJs/patchesinside the global jet. The polariza-
tion curve shows multiple peaks that display a weak correlation
with the peaks in the lightcurve. Since there could be multiple
overlapping dimmer pulses, addition of their Stokes parameters
might enhance or diminish the net polarization and change the PA
accordingly.

The time-integrated polarization, shown as horizontal dashed
lines, is the highest for the By, field, due to its modest variation of the
time-resolved PA. When integrated over the duration of the emission
episode, such a steady PA results in very little cancellations in the
Stokes Q — U plane, thus yielding high time-integrated polarization
with [T ~ 45 per cent. In contrast, even though the B, field also
features a large-scale ordered field within each MJ/patch, the extra
degree of freedom of having a randomly oriented B-field results in
greater variation of the PA over the emission episode. This leads
to a significantly reduced time-integrated polarization, with IT ~
15—20 per cent, due to cancellations in the Stokes Q—U plane.
Likewise for the B, and Bj fields, since the plane of net PA from
each MJ is randomly oriented, the large variation in the global PA
among different pulses again tends to cancel out the polarization
and yield only small time-integrated polarization at the level of a
few per cent. Furthermore, the time-integrated polarization remains
approximately the same for all the B-field configurations as the
number of pulses are doubled. A caveat is that we have only shown
two random realizations of the whole process of generating Npyjse
pulses, and a different random realization may show a somewhat
different temporal evolution of polarization. However, the time-
integrated polarization is expected to be more robust and remain
steady for large Npuise-
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Table 1. Most relevant symbols and their definitions. See table 1 in Gill &
Granot (2021) for a complete list.

Symbol Definition
a Comoving spectral luminosity
radial power-law (PL) index: L/, oc R®

a; Global jet comoving peak luminosity
angular profile PL index

A MJ/patch comoving peak luminosity
angular profile PL index

b; Global jet bulk-I" angular profile PL index

by, by Asymptotic band-function spectral indices:

dln F,/dIn v

d Comoving peak frequency PL index: ”{)k o« R4

F Ml/patch covering factor

re Core bulk-T" in a structured jet

m Bulk-T" radial PL index: ['2ocR™™

Npulse Number of overlapping pulses
in an emission episode

Vo vF, peak frequency of first photons emitted

from Ry along the LOS that arrived at time 7
I Polarization degree
q B obs/0; (Uniform global jet)
Oobs/6 . (Structured global jet)

Ro Radius at which emission turns on

AR Radii over which shell emits continuously

to Arrival time of first photons emitted

along the LOS at Ry

f Normalized observer time: 7 = ¢ /1y

On Polarization angle

0; Half-opening angle of the global jet

0. Core angular size in a structured global jet

Bobs Observer’s viewing angle

e_patch /mi Half-opening angle of the patch/MJ

epatch/mj,c epatch/mj at epatch/mj =0ina

structured global jet
Polar and azimuthal coordinate
of patch/MJ symmetry axis

{97 (P}patch/mj

X0 Normalized observation frequency (v/vg)
for a uniform jet
X0, ¢ xo for 6yps = 0 in a structured global jet

Uniform global jet: (1'0;)2, (Ipatch/mj)>
Structured global jet: (I'c8¢)?, (TcOpatch/mj.c)*
Minimum allowed & pychymj in a
structured global jet

Sj, Spatch/mj
Szr, Epatch/mj, c

Smj,min

6 MODEL PARAMETERS: WHAT CAN BE
CONSTRAINED?

The model described in this work entails a fairly large number
of parameters (see Table 1) that describe the dynamical, spectro-
polarimetric, and structural features of the global jet as well as the
MlJs/patches. While being comprehensive in addressing the different
effects caused by the different features, this parametrized model also
affords a fair degree of flexibility when compared with observations.
Therefore, it is not advisable to try to constrain all of the model
parameters using a given observation, as the parameter space is
degenerate. Instead, we recommend to only constrain a few of
the most important model parameters, as allowed by the effective
number of constraints from the data, while keeping the others fixed.
Based on the type of observation, different model parameters can be
constrained:

(i) Pulse profile: The pulse profile of emission from a single
MlJ/patch at a fixed normalized energy xo = v/vy, or integrated over
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a given energy bin Av/vy, is most sensitive to the jet dynamics,
e.g. the PL indices a and d that describe the radial profile of
the comoving spectral emissivity, AR/R,, and m that gives the
acceleration profile of the global jet. When multiple MJs/patches
contribute to the emission, that now also features a steep to shallow
trend, the location and covering factor, where the latter sets the
density of MJs/patches near the LOS, becomes important. Evidence
for multiple MJs/patches can actually be obtained in bright single
pulse GRBs or those that show isolated broad pulses. There is some
degeneracy between the covering factor, location, and angular size
(& patetvm;) Of the MIs/patches when describing the pulse profile.

(ii) Spectrum: The spectrum over a given energy range is used
to constrain the two spectral indices b, and b,. These are impor-
tant for determining the absolute maximum local polarization for
synchrotron emission.

(iii) Polarization: Both the time-resolved and time-integrated
polarization are sensitive to the magnetic field configuration, albeit
some degeneracy between the different cases considered here is
still expected. In most cases the ordered fields typically yield IT
2 20 per cent. This rough dividing line can be used to separate out
the ordered fields from the small-scale shock-produced axisymmetric
fields.

The best constraints are achieved in a joint time-resolved pulse-
profile and spectro-polarimetric fit that offers the most number of
constraints. One sensible way to learn about the jet properties is to
either assume a KED or PFD flow, which will fix a, d, and m a priori.
Then, one can choose to interpret the observations using either a
uniform jet or that with angular structure.

All of the model degeneracies that affect the single pulse case
are naturally more pronounced when multiple overlapping pulses
contribute to the emission. However, the time-integrated polarization
and PA in this case can yield the smoking-gun evidence for a
large-scale ordered B-field, e.g. a globally ordered toroidal field.
Furthermore, the distinction between the B4 and By, fields can only
be made more robustly with mulitiple overlapping pulses and not so
much in a single pulse GRB.

Finally, all of the results shown in this work are based on a single
random realization of the distribution of MJs/patches. A different
distribution will yield slightly different results (as shown in Fig.
Al). However, it is expected that different random realizations
will statistically yield broadly similar trends of pulse profiles and
polarization evolution. Therefore, to be more prudent, one should try
a number of random realizations for any given scenario to test the
robustness of the fit.

7 CONCLUSIONS AND DISCUSSION

In this work, we have extended the treatment in Gill & Granot (2021)
of time-resolved polarization from different B-field configurations.
The introduction of multiple radially expanding non-axisymmetric
MlJs or emissivity patches lead to a gradual and continuous change
of the PA. Some notable features that have emerged in the different
scenarios explored here are as follows:

(i) Continuous change in the PA: A continuous change in the
PA is the most important outcome of the MJ/patches model and
it is obtained in all B-field configurations considered here. Such
behaviour cannot be obtained in axisymmetric jets.

(ii) Polarization dilution: When several MJs/patches contribute to
the flux, the incoherent nature of the emission leads to a random
walk in the Stokes Q, and U, parameters space. As a result, the net
polarization is diluted to IT ~ IT, /\/ﬁ where N are the number of
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MIs/patches observed (i.e. effectively contributing to the emission) at
any given time and I1j is the polarization from a single MJ/patch that
makes the dominant contribution to the flux. This becomes important
for time-resolved polarization model fitting in which emission from a
uniform flow will yield a significantly different polarization evolution
as compared to one with multiple MJs/patches. In particular, the
polarization from a large-scale ordered field, e.g. Boq and By, in a
uniform flow (or when g = 04,5/8; < 1), can also decline in the tail of
the pulse, but the PA remains constant. This feature serves as a good
diagnostic that can distinguish between emission from a uniform and
non-axisymmetric flow containing multiple MJs/patches. In addition,
the decay of both the light curve and polarization in a uniform flow is
expected to be much smoother in comparison to that obtained from
multiple MJs/patches.

(iii) Time-integrated polarization: The single-pulse time-
integrated polarization remains consistently higher in a scenario
consisting an ordered B-field (B, and By,,) in comparison to a small-
scale shock-produced field (B, and B)). This feature is similar to
what is also found in uniform jet models with g < 1.

(iv) Steep-to-shallow pulse profiles: In uniform jet models with ¢
< 1, the pulse profile of a single pulse shows a power-law decline
after the emission from the shell terminates and is dominated by
the high-latitude emission. With the addition of two jet breaks, the
pulse profile can only become steeper (see e.g. fig. 7 of Gill &
Granot 2021). In the MJ/patchy-shell scenario, a steeply declining
light curve can become shallow due to contributions from other
MlJs/patches outside of the beaming cone whose emission peaks
at a later time. Therefore, this represents one possible way of
obtaining a steep to shallow behavior in a given energy band across
a temporal break in some GRBs that show a single-pulse prompt
emission.

(v) Distinguishing features of an ordered B-field: Since an ordered
B-field necessarily breaks the symmetry, at least locally, the polar-
ization is high at the start of the pulse, regardless of the viewing
geometry. Comparably high initial polarization is also obtained for
B) and B, but only when g = 9_/9_mj > 1, i.e. the MJ/patch is
viewed from outside of its own aperture.

(vi) Structured MJs/patches: When the MJs/patches have angular
structure in emissivity, the difference between large-scale ordered
fields (Byqg and By;) and the small-scale shock-produced fields (B
and B)|) becomes even larger and more readily apparent. An ordered
field will always yield very high polarization during the rising phase
of the pulse, whereas the B and B, cases will always yield nearly
negligible polarization during this time. Furthermore, the angular
structure plays an important role, and a steeper profile yields a higher
global (time- resolved and integrated) polarization over a shallower
one, regardless of the B-field configuration.

(vil) Multiple overlapping pulses: The level of time-resolved po-
larization for the B and B cases is significantly reduced for multiple
overlapping pulses as compared to a single pulse. In contrast, the level
of polarization remains high for a large-scale ordered field. With the
exception of By, the time-integrated polarization of an emission
episode with multiple overlapping pulses is significantly reduced for
B, B, and B, fields due to larger time variations of their global
PAs. Since the B, field is axisymmetric about the jet symmetry axis,
the PA remains approximately steady, which produces a high time-
integrated polarization. Therefore, By, is the only field geometry
out of the four considered here that can consistently yield time-
integrated IT 2> 40 per cent. The same conclusion was reached
by Gill, Granot & Kumar (2020a) who carried out a statistical
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study using different B-field configurations and axisymmetric jet
structures.

The time-resolved analysis of a single-pulse GRB 170114A re-
vealed a trend of growing polarization over the rising phase of the
pulse where it reached IT ~ 30 per cent (Burgess et al. 2019; Zhang
et al. 2019). During this time a continuous and gradual change in
the PA was also noted, due to which the time-integrated analysis
over the entire duration of the pulse found a low level of polarization
with IT ~ 4 per cent. When interpreting these findings using the
MJ/patches model, any ordered field scenario is ruled out since in
this case initially large polarization that declines during the rising
phase of the pulse is expected. Furthermore, the single pulse time-
integrated polarization for an ordered field tends to be much higher
(TT Z 40 per cent) than what was measured. These observations are
most consistent with the shock-produced small-scale field (B, and
B)|) scenarios that do not show an initial spike to large polarization
when g, < 1, and may only reach a time-resolved polarization of
at most IT ~ 40 per cent in many cases. Their single-pulse time-
integrated polarization can also be modest with IT ~ few per cent
in some cases. Some of these features are in fact similar to what
was seen for GRB 170114A. We caution the reader, though, that the
modest statistical significance of these observations does not allow
to draw strong conclusions from them.

The time-binned analysis of GRB 100826A, observed by
IKAROS-GAP, claimed a firm change in the PA at the ~3.5¢
level between two 50s time intervals that comprise multiple over-
lapping pulses (Yonetoku et al. 2011). Best-fitting values of IT; =
25 per cent £ 15 per centand 1, = 31 per cent + 21 per cent with
PA of O = 159 £ 18 and 6, = 75 £ 20. Given the lower
significance of the detection with large uncertainties, it is difficult to
rule out any B-field configuration discussed here. Except for the fact
that, at face value, the measurements do find a significant difference
between the time-integrated PAs of the two emission episode. This
feature cannot be accommodated by the By, field for which the time-
resolved and time-integrated PA of multiple overlapping pulses is
along the line connecting the jet symmetry axis and the observer’s
LOS.

A continuously evolving PA is also obtained in time-resolved
non-axisymmetric photospheric models of prompt emission. This
is demonstrated in the recent work by Ito et al. (2023) where
they use three-dimensional hydrodynamic simulations for outflow
properties and then post-process the numerical results with Monte-
Carlo radiation transfer simulations to calculate the time-resolved
Stokes parameters. Earlier works (e.g. Parsotan, Lopez-Cdmara &
Lazzati 2020; Ito et al. 2021; Parsotan & Lazzati 2022) used a similar
numerical technique to calculate time-resolved polarization but
used two-dimensional simulations. This made the outflow geometry
axisymmetric and, therefore, restricted changes in the PA to only
90°.

To gain a better understanding of the prompt GRB radiation mech-
anism and non-axisymmetric structure of the flow, we have to wait
for the launch of more sensitive and dedicated GRB polarimeters,
namely POLAR-2 (de Angelis & Polar-2 Collaboration 2022) and
LEAP (McConnell & LEAP Collaboration 2016), that can finally
provide highly statistically significant measurements. Once they
become available, models like the one presented in this work will
have enough complexity to fit to observations and deliver robust
results.
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APPENDIX: ADDITIONAL FIGURES
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Figure A1. Same as Fig. 2 but with three different random realizations of the distribution of MJs/patches.
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KED, by = 025, b, — ~1.25, AR/Ry = 1, F =03 Epaten/my = 1/4 Epatch/mj = 1 Epateh/mj = 4

& =100, g = 0.25, 7o = 0.1

oo L L L L 1 L L L L m L 1 L L L
0 5 10 15 20 2 30 0 5 10 15 20 2 300 5 10 15 20 25
i=t/ty=2(1+m)Tact/Ry i=t/ty=2(1+m)l3ct/Ry i=t/ty=2(1+m)[3ct/Ry i=t/tg=2(1+m)lict/R,
Figure A2. Same as in Fig. 2 but with different & pych/m; parameters.
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Figure A3. Same as Fig. 2 but with different covering factors F. As F (and correspondingly Npatch/mj) is increased, new MJs/patches drawn from the same
distribution are added to the previous ones.
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Figure A4. Same as Fig
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. 6 but with different & pachy/mi.c-

fo=1t/to.=2(1+m)I} ct/Ry
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Figure AS. Same as Fig. 6 but for & payct/mjc = 2 and with different b; values.
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Figure A6. Same as Fig. 6 but with & pychymj,c = 2 and different &, values.
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Figure A7. Same as Fig. 11 but with different values of & patch/mj = &;/100.
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