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Abstract Synchrotron emission polarization is very sensitive torttegnetic field configuration. Recently,
polarization of synchrotron emission with a mixed (SM) metin field in the gamma-ray burst (GRB)
afterglow phase has been developed. Here, we apply these &\élsto the GRB prompt phase and
compare their polarization properties with that of synttmo emission in purely ordered (SO) magnetic
field. We find that the polarization properties in an SM modelgery similar to these in a corresponding
SO model (e.g., synchrotron emission in a mixed magnetid figth an aligned ordered part (SMA) and
synchrotron emission with a purely ordered aligned magtiigtid (SOA)), only with a lower polarization
degree (PD). We also discuss the statistical propertieiseofitodels. We find PDs of the simulated bursts
are concentrated aroud% for both SOA and synchrotron emission in a purely orderesidal magnetic
field (SOT), while they can range frof¥% to 25% for SMA and synchrotron emission in a mixed magnetic
field with a toroidal ordered part (SMT), depending &n value, i.e., the ratio of magnetic reduction of
the ordered magnetic field over that of random magnetic figloim statistics, if PDs of majority GRBs are
non-zero, then it favors SO and SM models. Further, if thezesame bright GRBs with prominently lower
PDs than that of the majority GRBs, it favors SOT (SMT) mogdilall the bright GRBs have comparable
PDs with the majority ones, it favors SOA (SMA) models. Fipalve apply our results to POLAR'’s data
and find that~ 10% time-integrated PDs of the observed bursts favor SMA and $h\ddels, and th€p
parameter of these bursts is constrained to be around 1.135.

Key words: gamma-ray burst: general — magnetic fields — polarization agiation mechanisms:
nonthermal

1 INTRODUCTION 2011 Nagakuraetal. 2011 Ruffinietal. 2013

Xu etal. 2012 Bégué et al. 20L3Lundman et al. 2013
Gamma-ray bursts (GRBs) are luminousay transients Lazzati etal. 2018 The predicted features of all these
at cosmological distances. The non-thermal spectra dahree models can match the observatiodhr & Zhang
most of the observed GRBs are described by the Bang014 Zhang & Zhang 2014 Pe’er etal. 2005 2006
function Band et al. 1998 of which two power laws are Rees & Mészaros 2005Abramowicz et al. 1991 Pe’er
jointed at a break energy, . in thev f,, spectrum. Three 2008. Even with two decades of study, the emission
popular models of GRB prompt phase had been proposadechanism and magnetic field configuration (MFC)
so far, i.e., the internal shock moddRdes & Meszaros during GRB prompt phase have remained mysterious.
1994 Narayan et al. 1992 magnetic reconnection model Polarization strongly depends on these two factors and can
(Giannios 2008Zhang & Yan 2011Beniamini & Granot conversely be used as a proligr§not 2003 Toma et al.
2016 Granot 201% and photospheric modeTfiompson 2009 Lan et al. 2016Lan et al. 2019
1994 Eichler & Levinson 2000 Mészaros & Rees
200Q Rees & Mészaros 2005 Lazzatietal. 2009 In fact, there are severgkray polarimeters in com-
Beloborodov 2011 Pe’er & Ryde 2011 Mizutaetal. mission {Vinkler et al. 2003 Hitomi Collaboration et al.
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2018 and a number of prompt polarization data have beemre investigated in this paper. We discuss the polarization
accumulated. Most of the observed GRBs have a loweproperties of synchrotron emission with these new MFCs
limit of polarization degree (PD) and the minimum lower in GRB prompt phase and compare their results with
limit is about 30% (Willisetal. 2005 McGlynnetal. these of the traditional MFCs (i.e., purely ordered MFC
2007 Gotz et al. 20132014. The observed PD values of and 2D random MFC confined in the shock plane). This
GRBs 100826A, 110301A and 110721A &+ 11%, paper is arranged as follows. In Secti@nwe propose
70+22% and84™ 5%, respectivelyYonetoku et al. 2011 our polarization models. Numerical results of these models
2012. These PD observations mentioned above suggeste exhibited in SectioB. In Section4, we calculate the
that GRB prompt emissions are highly polarized. statistical properties of GRB polarization. Then we apply
Recently, the POLAR team published their polariza-our models to POLAR’s data in Sectidn Polarizations
tion observation results of five GRBZfang etal. 2019  0f GRB 110721A and of prompt optical flash of GRB
Different from but consistent with the lower limit of the 160625B are discussed in Sectighand7. Conclusions
previous results, POLAR's data show that most of theand discussion are presented in Secion
bright GRBs may be moderately polarized, with a PD of
~ 10%. Another observational quantity of polarization 2 POLARIZATION MODEL S
is its direction, usually depicted by polarization angle
(PA). Up till now, the measurements of PA are very i o . )
rare (McGlynn et al. 2007 Yonetoku et al. 20112012 !ocated at redshiftz. Th_e emission rgg_mn of the ]eF
Burgess et al. 2099McGlynn et al. (2007 analyzed the is assumed to be a thin she_II ar_ld !t is optically thin
data of GRB 041219A and found PAs for both the 12 s© 7-Tays For an Obseerr with viewing angle-, the
and 66 s time intervals are constant. In GRBs 110301,0?|oectral fluence of the jet can be expressed as follows
and 110721A, PAs also keep roughly as constant, WhiIéTOma etal. 20091oka & Nakamura 2001Granot et al.
in GRB 100826A PAs for the two bright intervals have 1999 Woods & Loeb 1997
a roughly 90° difference {fonetoku etal. 201,12012). 0;+6v Ad
Recently,Burgess et al(2019 reanalyzed the POLAR’s F, = d—2R2/ Sin@d@DQf(V/)/ depAy,
observational data of GRB 170114A and found a gradually L 0 —Ad 1)
evolving PA for this burst.

We consider the emission of an ultra-relativistic jet,

whered, is the luminosity distance of the sourdejs the
Polarizations in GRBs have been widely studied,radius of the emission regiof is jet half-opening angle,
including its properties with different emission mecha-p = 1/T(1 — cos#) is the Doppler factor’ and 3 are
nism (Shaviv & Dar 1995 Sari 1999 Gruzinov 1999,  the bulk Lorentz factor and the velocity of the jet in units
with different MFCs Gari 1999 Granot & Konigl 2003 of speed of lightg is the angle between the line of sight
Tomaetal. 2009Lan etal. 20182019 and with var-  and local radial direction,’ = Vobs(1 + 2)/D andveyps is
ious jet structure Rossietal. 2004 Wu etal. 2005  the observational frequenay.is the angle in the plane of
The emission mechanism for GRB prompt phase cagky between the projection of jet axis and the projection of
be synchrotron or inverse ComptoVgng etal. 2019  the local fluid velocity direction. The expressiond can
Fraija et al. 201} Literally, polarizations with three kinds be found inToma et al(2009 andLan et al.(2016. A is
of MFCs have been studie®gri 1999 Granot & Konigl  a normalization factor, with units of erg crAHz ! str!.
2003 Toma et al. 200P An ordered aligned MFC usually The primed and unprimed quantities are in the comoving
originates from a perpendicular rotator of a magnetaframe and the observer frame, respectively. The spectrum

(Spruit et al. 200}Land an ordered toroidal MFC might be (f(v/) = g(x)) of GRB prompt emission is assumed to be
generated through the Blandford-Znajek mechanism of @escribed by Band functioménd et al. 1998

black hole Gpruit et al. 200}, while a three-dimensional

(3D) anisotropic random magnetic field might be generated _Jam e, r < fBs — as,
by a shock or by magnetic reconnection. Recently, 9(w) = 2B (By — o )Pem e =B x> B, — ay,
polarizations of synchrotron emission with a 3D mixed 2)

(SM) MFC at GRB afterglow phase had been discussed biyjherex = '/, v, is the comoving break energy of the
Lan et al(2019 and Stokes parameters in a total magneti®Band spectrume, and 3, are the low-energy and high-
field, including both the ordered and random componentsenergy spectral indices. Then the spectral indecan be
were considered. expressed as

Because the polarization properties of synchrotron
emission are very sensitive to the MFC, polarizations of &= {Oés, < fs —as, 3)
GRB prompt phase with the newly developed SM models Bs, x> PBs — as,
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Here, we only consider the linear polarization. Thein GRB prompt phase of these four new models with
Stokes parameters, which describe the linear polarizatiothat of synchrotron emission in three ordered magnetic

can be expressed as fields (denoted as SOA, SOT and SOR) and synchrotron
1 0, +0y emission in a two-dimensional random magnetic field
Q. :%]#/ sin 0dOD? f (V') (SR2). The corresponding formulas are shown in the
L 0 Appendix.
Ad 4) pp
x /_M, 4o Aoty cos(2xy). 3 NUMERICAL RESULTS FOR DIFFERENT

POLARIZATION MODELS

L+z 5 Sty 2000
Uy = a2 R /0 sin 6dfD° £ (/) We take a set of fixed parameteds: = 100, o, =
A B) 02, 8, = 12, Eyoe = 350 keV, {5 = 15,
X/ de Aol sin(2x5), 6o = m/6, 2 = 1,0; = 0.1 rad, 6y = 0.50; and
—A¢ hvops = 250 keV. I, o1 is the break energy of the Band
IT, andy,, are the local PD and PA, respectively. spectrum in the observer framé, is the orientation of

Then if both Stokes parametefs, andU, are non-  the aligned magnetic field. Without special illustration,
zero, PD {I) and PA () of the jet emission are expressed parameters used in the following calculations will take the

as 5 5 above fixed value. Since there are several parameters that
I = 7VQV+UV7 (6)  affect the polarization properties, we have discussed thei
Fy effects in the following. It is interesting to compare the
1 U, polarization properties in a mixed magnetic field with that
X = = arctan [ — | . ™ ! i 5
Qv in a corresponding ordered magnetic field (e.g., SMA and
If one of the Stokes parametd’s is zero, the PD of the SOA), we therefore show the results of SM and SO models
jet emission is defined as followSgri 1999. together.
The statistical properties will be discussed below, the
1= & (8)  observational anglé, for each GRB would be different,
Fy therefore it is necessary to discuss the polarization

Here, the absolute value af represents the magnitude properties evolving withfy,, of which are shown in
of the polarization. Its sign indicates the polarizationFigures1, 2 and 7. Figure 1 presents the polarization
direction, polarization direction withl > 0 will have a  evolution for six models, including SMA, SOA, SMT,
90° difference with that ofI < 0. SOT, SMR and SOR. Here we defing,s = 6v/0;. The
Here, we consider three classes of MFCs, large-scalerofile of the PD curve for an SM mode§ 4 = 1.5) is
ordered Granot & Konigl 2003 Granot 2003Toma etal.  very similar to that with a corresponding SO model (i.e.,
2009, mixed (anetal. 201 and random $ari 1999  SMA and SOA, SMT and SOT). The difference is that PD
Gruzinov 1999 Toma et al. 200P There are three kinds values of SM models are lower than that of SO models as
of ordered magnetic field discussed in the literatureexpected.
i.e., aligned Granot & Kdnigl 2003, toroidal (Toma et al. For SOT model, the profile of our PD curve is very
2009 and radial Granot 2003 and the mixed magnetic similar to that ofToma et al.(2009, but our PD values
field consists of ordered and random part, we thereforare lower and the reason for this will be discussed in
discuss three subclasses of mixed MFCs with differenthe following Conclusions and Discussion section. PDs
ordered parts, i.e., aligned + random, toroidal + randonfor SOT and SMT models are both 0 wher,s = 0
and radial + randomL@n et al. 2019 Same as that in because of axial symmetry. Then PDs of these two models
Lan et al. (2019, the random part in the mixed MFC rise quickly with ¢..s, because jet axis will move from
is assumed to be isotropic in three-dimensional spacéhe center of the observational cone (i.e/I' cone) to
We also consider two kinds of random MFCs, i.e., two-the edge, leading to more and more incomplete magnetic
dimensional random magnetic field confined in the shockines in 1/T" cone and hence to an increasing PD. When
plane Toma etal. 200pand three-dimensional random 1/I'0; < gos < 1 —1/T'6;, PD curves of both SOT and
magnetic field isotropic in spacédn etal. 2019 Then  SMT models reach a plateau because the MFC for SOT
we have four new polarization models, the synchrotrormodel or the ordered part of MFC for SMT modelifil’
emission in three mixed MFCs with different orderedcone is approximately aligned, this is also the reason for
component (denoted as SMA, SMT and SMR) and synthat PD plateau of SOT (SMT) model coincides with that
chrotron emission in a three-dimensional random magnetiof SOA (SMA) model. For both SOA and SMA models,
field (SR3). We will compare polarization predictions even wheng,,s = 0, their PDs are non-zero because the
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Fig.1 Polarization evolutions witly,,s for different SO  Fig.3 Same as Figl, but for polarization evolutions with
and SM models. The upper panel shows the PD evolutionigt half-opening anglé;.

and the lower panel corresponds to the PA evolutions.

The red solid line is for the SOA model, Thegreen

dashed line corresponds to SOT model, thitue dotted
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SOT models. The evolution trends of PDs for SMA and
SOA models behave very different from these for SMT and
Fig.2 PD evolution withg,,s for the SMR model. The SOT models. In general, the increasing PDs will indicate
black solid lineis for the SR3 model_and thred soI_id_Iine an increasing asymmetry of the system and vice versa,
correspo(rj]dls to SOR modgl, of which are the I|Im|t of thepere it is some what hard for us to test the asymmetries of
SMR model witht; = 0 andg s — oo, respectively. these systems. PAs of both SOA and SMA models evolve
gradually whenl/T" cone crosses the jet cone (roughly
MFC for SOA model or the ordered part of magnetic fieldwhen1 — 1/T0; < gons < 1.5) and keep as constant for
for SMA model in1/I" cone is aligned when the jet axis otherg,y,s.
coincides with the line of sight. We notice that with the increase @f;.s, the profiles of
Since the asymmetry due to geometry will increasehe PD curves for SOR and SMRH = 1.5) models are
whenl/T" cone crosses the jet edge, PDs will reach a smalthot similar in our Figurel. With the increase ofps, PD
peak whenys is slightly smaller than 1 for SMA, SOA, curve for SOR model converges oD ~ 50%, while it
SMT and SOT models. Then PDs begin to decrease faapproaches 0 for SMR modélf = 1.5). To examine our
these four models. Beyond somg,s, which is slightly  results for SOR and SMR models, we then calculate the
larger thanl + 1/I'6;, PDs begin to rise for SMA and g.s —PD curves for SMR model with differetz values,
SOA models, while they continue to decrease for SMT andvhich is shown in Figur@. Whenég = 0, the magnetic

Aops =60/ ej
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field is 3D isotropic in space, which will lead to no net

polarization as shown in Figug When¢g = 30 > 1, the

magnetic field is dominated by the radial component and ' ' '
the PD curve approaches that of SOR model (£g.,— o4r oA T SR T
o0). Therefore, our results for SR34 = 0), SMR 0 < I —
ép < o0) and SOR g — oo0) models are consistent. In 2 o2r 1

Granot(2003, polarization properties of SOR model had L © b B

been discussed, which is shown in figure 4 of his paper. 00k e N T KT e x4
The profile of our PD curve for SOR model is very similar oL L L
to that ofy; = (I'¢;)? = 100 shown in figure 4 ofGranot L ;7.7;7.7.7;
(2003. Because our coordinate system has rotategioy B o —e—SMA
relative to that inGranot(2003, the sign of our PDs is g SOA
opposite compared with that Granot(2003 at samey,s. 2 e e

For SMR and SOR models, large PD will be obtained for Vs (KEV)
off-axis observations.
The polarization curves evolving with, for SO Fig.5 Same as Figl, but for polarization evolutions with
and SM models are shown in Figu® The profiles observational frequenay;p.
of PD curves are very similar for a SM model and a
corresponding SO model. Only the PD values of the SM

model are lower compared with that of the corresponding Wl ' '

initi ' —e—SMA  —=—SMT SMR |
SO model as expected. PDs initially decay withand \ O um TmosMT v SMR

then keep roughly as constant wheép > 0.1 rad for 04t
both SOA and SMA models, While they increase to a
peak, then decay slightly and finally keep roughly as

PD

02

constant for SOT, SMT, SOR and SMR models. For SOA 00 | seeeeeemsieire A *
and SMA models, the decaying PD is due to loss of 2 ‘ ‘
observational geometric asymmetry with the increasingjet g '[* ~ " ° o ]
half-opening angld;. Whend; > 1/T' (e.g.,6; ~ 0.1 < :J SOA
rad > 1/T" = 0.01), the asymmetry of the system is Ll , ,

dominated by the asymmetry of the aligned magnetic field S 10’ 10’
and the asymmetry due to the observational geometry is
negligible, so PD values of SOA and SMA models keeprig 6 Same as Figl, but for polarization evolutions with
roughly as constant whef) > 0.1 rad. For SOT and SMT  peak energyZ,, ops.

models, although the observational geometric asymmetry

is decreasing, the magnetic field IfT" cone becomes models, i.e., PD decays slightly whéh < 100 due to
more ordered with the increase 6f, which leads t0 |oss of observational geometric asymmetry and then keeps
an increasing PD initially. Then whefy > 1/T', the  yqughly as a constant aftér= 100 due to the dominated
ordered part of the magnetic field IfT cone (for SMT)  asymmetry of magnetic field /" cone. PD values for
is approximately aligned and the asymmetry of magnetiespa and SMT models are lower than that of SOA and
field in 1/T" cone reaches its maximum value and keepsoT models as expected. For snfairalue (e.g.]’ = 50),
roughly unchanged, leading to a roughly constant PD wheppg of SOT (SMT) are slightly lower than that of SOA
6; > 0.1 rad. Because a toroidal magnetic field ijil’ (SMA), because the MFC i /T’ cone is slightly less
cone will approach an aligned case wtgn> 1/I', PD  grdered for a toroidal magnetic field case than that for an
of SOT (SMT) model will approach that of SOA (SMA) jjigned case whety/T' cone is relatively large. Then with
model at larged; values. PAs of both SOA and SMA 4 increase oF, the MFC in1/T cone of a toroidal case
models keep as constant with approaches that of an aligned case and PD curve of SOT
Polarization properties of SO and SM models evolving(SMT) model will converge to that of SOA (SMA) when
with I are illustrated in Figurd. PDs for SOR and SMR I' > 100. PAs for both SMA and SOA models keep as
models are roughly 0 for the observational geometry otonstant withl".
0; = 0.1 rad andg.,s = 0.5, no matter which value Figure5 shows the polarization evolutions with,
the bulk Lorentz factod® takes. The profiles of the PD for SO and SM models. For SOR and SMR models, PDs
curves are very similar for SMA, SOA, SMT and SOT are roughly O for different,,s values withd; = 0.1
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rad andg,ps = 0.5. The profiles of PD curves are very is random and isotropic in 3D spadeaf et al. 2019 For
similar for SOA, SMA, SOT and SMT models. PDs are SMA and SMT models, whef > 1 (i.e.,£5 > 3), PDs
roughly constant for these four models when,,; < 100  for these two SM models will approaeh 25%, of which
keV, then they increase slightly whén,,s > 100 keV.  the corresponding SO models can be reached. PAfe
Because with increasing of,,s, = value also increases. 0 of SMA model is meaningless, because wifgn= 0
Whenz > 3, — as, the spectral inde® will switch from  there is no net polarization and the two Stokes parameters
as 10 5. Since with the increasing of the spectral index @, andU, are both zero. Because of the computational
local PDII, also increases. Therefore, PDs will increaseerror of the computer, andU, for &g = 0 are very
after some observational frequencies. PDs for SMA andiny but non-zero, leading to the “computational” PA for
SMT models are usually smaller than that of SOA and SOE = 0.

models as expected. PAs for both SMA and SOA models

keep as constant with,y,. 4 STATISTICS

Polarization evolutions with k ener . for . . . .
olarization evolutions with peak energy, o fo In this section, Monte Carlo simulations have been

SO and SM models are exhibited in FigueeAlso PDs - . o
of both SOR and SMR models are rouahlv 0 for differentperformed and the statistical properties of polarization
ghly of GRB prompt emission have been studied. Since the

peak energy. For SOA, SMA, SOT and SMT models, the o . . . L
profiles of their PD curves are similar, i.e., PDs are ifliial polarization properties of the nine models discussed & thi

. . paper are not very sensitive to the observational frequency
decreasing withE, 1,5 and then keep roughly as constant : S
' . and also the frequency-integrated polarization is very
after £, obs > hions = 250 keV. Because with the

. ) expensive for computing resource, we will consider the
increase ofE), ,1s, for the same observational frequency, L ; . . .

. ’ . ~ polarization properties at single frequency in the followi
2 will decrease. When < 3, — ay, the spectral inde®

. . . ) statistical study. We have simulated random numbers for
will switch from 3, to «,. With a decreasing oft, local y

. , 0., 2, By, and E,. E;. is the isotropic equivalent
PD I, also decreases and then leads to a decreasing P> 7 = Hiso b se pic g

A .t h g, Wi he nrsasoB v, 110 IS B 8 ORE © Bl Lo
especially whenr < B¢ — «, stands for all the fluid P 9y : P y

. density functi PDF) of redshift i dtob
elements (approximately &, on, > hvons — 250 keV), ensity function ( ) of redshift is assumed to be

. o . i | to star f ti tePorciani & Mad
PD of the jet emission will keep as a constant. PAs ofSOAgB%po lonal to-star formation ratePercian adad

and SMA models are both constant with .

2
TheQObs_PDrej_PDaF_PDrVobs_PDand o342 (fdzl/\/QM(1+Zl)3+QA)
Epobs — PD curves for SR and CD models are shown  fi(z) = —— I . 57 ,
in Figure7. PD for SR3 model is always 0 independent et (1+2) @)

of various parameters. There are two PD peaks for botfy, ..o Qy = 03 andQ, — 0.7 are the normalized

SR2 and CD models i%bs_f PDigure. These peaks are density for matter and dark energy, respectively. The PDF
reached aroungh,s = 1, with one peak located roughly at (f2(6;)) of the half-opening angle of GRB jet is taken

Gobs = /1 —=1/2y;—1/y 2%‘_ < landthe 02ther &obs = from figure 4(a) ofGoldstein et al(2016, which is derived
V1 =1/2y;+1/3/2y; > Lwithy; = (I'6;)” and1/I' < hrough Ghirlanda relationGhirlanda et al. 2004and is

0;. We also notice that PDs for SR2 and CD models havgitaple for long GRBs. We take the fluence-corrected PDF
the opposite signs (if they are both non-zero) at sasne oy gobs (Gill et al. 2020.

The absolute value of PD for CD model is higher than that ~
for SR2 model. PAs of both SR2 and CD models change f3(dobs) = fiso(dobs)qobs

abruptly by90° approximately whem,,s ~ 1 for 1/T" <« bj,maz (10)

9; case. PD values for these three models are roughly 0 for = l/ fiso(Ov, 9j)f2(9j)d9j] Gobs-

all T, vons andE, ops Values withgops = 0.5. 83,min
The polarization properties of SM models evolving fi.,(6v,6;) = Eio(0v,0;)/Fis0(0,6;) (Salafiaetal.

with &g are shown in Figur8. For SMR model, even for 2015, which is also the ratio of fluence &t to that at

SOR model (i.e.{p — ©0), its PD value is roughly O for gy, = 0.

the observational geometry 6f = 0.1 andg,,s = 0.5,

which is consistent with that shown in Figu2ePD curves

of SMA and SMT models coincide with each other. The

fast rise phases of these two curves continugtjll= 3

and then they keep roughly as constant. Whenr= 0, PDs ~ wherecos o = cos 6 cos Oy + sin 0 sin ¢ sin y. Then we

for three SM models are 0 because the total magnetic fieltharginalized; using its PDF to get the fluence-weighted

0; . 27 d
fOJ sin 6d¢ fO (175(:(?)50()3

JEiSO(HVa ‘9j) = ) (11)

B ((1jﬁ)2 B (kﬂclosej)?)
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Fig.7 PD evolutions withyens, 05, I', vons @and £, o1 for SR2, SR3 and CD models.

factor fiso (gobs ). FOr the top-hat jet discussed in this paper,the orientation of the aligned magnetic field is assumed
the PDF ofqg,ns drops quickly when it is larger than 1, to bed, = w/6. The observational frequency is taken as
therefore, most of our simulated GRBs are detectable. Thev,,s = 250 keV. Figure9 shows our simulated results
random numbers oF;,, and £, are generated through for SOA and SOT models. For these two models, there
empirical relations, which readEiSOQJQ-/2 = 10°!¢; erg is a PD island inE, .ns — PD diagram, the PD value at
and E, = 200(2(Eis/10°% erg)'/? keV, where¢; and  this PD island is abou25% and PDs of most simulated
¢, are assumed to obey the lognormal distribution, th€GRBs take this value. PD distributions of the simulated
averages of these two random numbers are set to be 1 afRBs ing.,s — PD diagram shown in Figur trace the
the logarithmic variance of; and (, are 0.3 and 0.15, corresponding curves in Figufewith scatters due to the
respectively fToma et al. 2009 distribution of parameters. This result is not a coincidggnc
because excepty, we take fixed parameters for others
in Figure 1. The fixed values of parameters used in this
paper are often the values with maximum possibility in
our simulation. Therefore, the simulation results can be
~ inferred from theg,,s — PD curves in Figured and?7,

D= foj Dsin6df/ fo sin fdf) = 21n(1 + 1“29]2.)/(1“9].)_ i.e., PDs of the simulated GRBs i, ,,s — PD diagram

In deriving the expressions fdP and Eis,(6v = 0,0;),  will concentrate around the PD value at PD plateau in
the approximatiom® > 1 and§; <<. 1 are used. But Gobs — PD curve whengo,s < 1. There are some GRBs
for each set of random number, is rarely to be O, oy SOT model laying at the left lower corner @f,. —

we need to transfornkis, (0v,0;) and E,(0v,0;) 10 giagram. Theg,,,. parameters of these GRBs are small

To calculate the exact fluence, we neeti4, andvy.
For an on-axis observer, we hatg (6 = 0,0;) = D},
andEis (v = 0,0;) = (1677 /e)(E,/h)R*AoT?07 /(1+
I'26%), wheree is the base number of nature logarithm and.

the corresponding on-axis qualities tthU@Ho(ﬁ’v = and so do their PDs. The smallgf,s parameter indicates
0,0;) = 1;;)2(9% i)/ fiso(Bv.0;) and E,(0,6;) = that these GRBs are viewed nearly on-axis hence are very
Ep(0v,0;)/ fiso (Ov,0;). bright. The lower PDs for nearly on-axis observations

We then calculate the statistical properties for SO, SRvould prefer the SOT model. Therefore, we conclude that
and CD models. Except for the simulated random numberright GRBs with lower PDs than that of PD value at PD
the other parameters used in statistical calculation ar§!and would favor the SOT (or SMT) model.
as = —0.2, 8s = 1.2 andI’ = 100. For SOA model,
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Fig.10 Same as Fig0, but for SOR, SR2 and CD models.

Fig.8 Polarization evolutions with differedtz values for

the SMA (ed circles), SMT (green diamonds) and SMR  are not discussed, because the orientations of GRB jets in
(blue stars) models. The upper panel shows the PD curveshe sky are different, leading to the reference system of PA
for three SM models and the lower panel shows the PAvill vary from burst to burst.

curve for the SMA model. The points are our numerical ~ Figure6 of Toma et al(2009 had shown the statistical

data. properties for SOT, SR2 and CD models. For SR2 and
CD models, PDs of our simulated GRBs can also be
05 . _ 5 negative depending on the sign of Stokes param@ter

04t . Ca because of our calculation formula defined in Secon
e 12 e %

oot Foin o0 ] Then the absolute value of PD represent the amplitude of

&

.
¥,

03 .

o t‘c‘," F At

o ‘;j . UL polarization and its sign shows its polarization direction
0'0 T A In Tomaet al. (2009, they take the absolute value of
0 _ pyo @, in their calculation hence lead to a positive PD. The

information of polarization direction will be lost in their

treatment. Polarization direction will be unimportanttie t

i statistical study because the orientation of each GRB jet

] would be different in the sky leading to incomparability

. C of PAs. In figure 6 ofToma et al(2009, PD values at PD

L) S . . . Lt islands for SR2 and CD models are also 0 and our results
T ' ' ' are consistent with their results. For SOT model, PD value

at PD island is about 35% in Toma et al.(2009, while
Fig.9 PD distributions of the simulated GRBs for SOA jt js .. 25% in our simulation and the reason for this will

and SOT models. The upper and lower panels show thﬁe discussed in the following Conclusion and Discussion

E, ons — PD andg.,s — PD diagrams, respectively. .
p-ob dob g P y section.

0.5 — T T T T T
04
03 |

PD

02
0.1}

The E, .,s — PD diagrams of SOR, SR2 and CD
models are shown in FigurEQ. There is a PD island for
these three models with PB 0 and PD value atthat PD 541 19y Time-integrated PD
island inE,, o1ns — P D diagram equals to that in PD plateau
of gops — PD curves in Figured and7 with gops < 1. POLAR is avy-ray polarization detector, which is onboard
Following the conclusions of SO, SR2 and CD models, weTiangong-2 space laboratory of China. During its opera-
do not simulate the PD distribution for SM models. It cantion, high-quality polarization observation had been made
be inferred from Figuré that PDs of both SMA and SMT for five GRBs Zhang et al. 2019 Interestingly, the time-
models will also concentrate around some value and thisitegrated PDs of these measured bursts are arb@ifid
concrete PD value depends&nparameter, i.e., there will Meanwhile, the PD lower limit of former observations for
be a PD island itE, ons — PD diagram for SMA and SMT GRB prompt emission is abow0%, which means that
models and the PD value at this PD island can range froRB prompt emission is highly polarized and SO models
0 to 25%. Here, the distributions of PA for various models (i.e., SOA and SOT models) are favored. Although the PD

5 APPLICATION TO POLAR’S OBSERVATIONS
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“upper limit” of POLAR’s data is consistent with that of time-integrated PD will not reduce much compared with
the former observations, its results do show that most othat of time-resolved PD. Therefore, SOA model with
the GRBs may be moderately polarized. Since POLAR haa precessing jet is also disfavored. For the magnetic
detected polarization properties of five GRBs, these resultpatch modelGranot & Konigl 2003 Nakar & Oren 2004
are meaningful for statistical study. Granot & Taylor 200%, its PA will evolve randomly. Since

PDs of the observed bursts are concentrated arourfdA of GRB 170114A seems to be rotating anti-clockwise
10%, which is very likely to be PD value at PD island of with time, this model is also disfavored. Finally, it seems
E, obs — PD diagram. That value usually equals to PDthat no polarization model on hand can explain the
value at PD plateau whepy,s < 1 0f go1,s — PD curve. In  observations of GRB 170114A.
Sectiond, PD islands of SO, SR and CD model are either
too high (~ 25%) or too low (~ 0%) compared with the 6 THE POLARIZATION OF GRB 110721A
observed- 10% PD. Since PDs of an SM model can range
from 0% to that of a corresponding SO model £5%), the
observed~ 10% PD will favor SMA and SMT modefs
From a theoretical aspect, magnetic field of internal shoc
model or magnetic reconnection model would be mixed, ~ . . .
. o : mission of power-law electrons in an ordered magnetic
i.e., the ordered magnetic field carried out form the centra]l . .

: . . " - tield (i.e., (p + 1)/(p + 3/7) with p the power-law
engine will be disturbed by collisions, shock or magnetic. . .

. . e index of electron spectrum). For the models discussed in

reconnection. Our result of a mixed magnetic field in the

emission reaion of GRB bromot phase aarees well Withthis paper, a power-law distributed electron spectrum is
g prompt p 9 dopted. PD of the jet emission predicted by the models

the prediction of popular models. Because PD value at PD , P
P Pop with an ordered magnetic field is at a level 2if% (see
plateau ofq.,s — PD curve for SMA and SMT models ) ) . .
. . our Fig. 9) and the maximum predicted PD of the jet
depends strongly on thg; parameter, if we take typical LT S o
values for other parametes; of these observed GRBs is emission is< 50%, which is smaller than the lower limit
P (~ 56%) of GRB 110721A. Therefore, it seems that PD

constrained to be 1.135. o - .
predictions of the models in this paper could not interpret

the PD observations of GRB 110721A. However, the

detection confidence level of GRB 110721A is relatively

GRB 170114Ais very bright, so observations, at least fofoW- PD can be less thab0% or as h.igh asl00% for

the peak of the light curve, are very likely to be on-axis.2 = conﬂdencg Ievgl. Actuallly, Pp tll novy, the.re has
Time-resolved PDs of this burst seem to be large (abOLHOt been a confirmation polarization detection withaa 5
30% around the light curve peak), so SR2, SOR SMRconfidence level made in GRB prompt phase. Because of

and CD models are disfavored, because large PD will bQigh uncertainty of the the observational data, it is hard to

obtained only for off-axis observation of these two models J€finitely discriminate the theoretical models.

PA of GRB 170114A can evolve both gradually and MFCS during the internal shock phase are also
abruptly by~ 90°. For the non-precessing jet, especially U"certain. Even.the shock generated magnetic field might
for the one-emission-region models, abra@t PA change ~ 2€ fandom@ruzinov & Waxman 199dnoue et al. 2011

is very rare for SO and SM models, which can be seeri is still possible that a large-scale ordered magnetid fiel
from Figure1, 3-6 and 7, hence the’se models are also?@dvected from the GRB central engine can survive during
disfavored. Recently, polarization properties involviag he interal shock phase. Fan et al(2004, the internal -
precessing jet had been discussedLiay et al. (2019 shocks with magnetization were discussed. Polarization

PA of a precessing jet can evolve both gradually andNith such a magnetized internal shock was also calculated

abruptly by~ 90° for both SR2 and SOA models. Since roughly. an<_j the maximum '_DD predicted by the model i_s
SR2 model is rejected by high time-resolved PD of this0-8: Which is the PD value in a purely ordered magnetic

burst, we only consider SOA model with a precessing jetfield' Actually, the maximum PD~ 0.6) adopted in

The time-integrated PD of the burst is relatively smallan etal.(2009 is very conservative. Depending on th.e
(~ 4%), compared with that of time-resolved PD. For MFC and energy spectrum of electrons, PD of the jet
SOA model of a precessing jet, since the abrapt emission with an ordered magnetic field can reach as

PA change is very rare, the cancellation of time-resolveéi]igh as~ 0.9_(Lan & Dai 202Q. Therefore, in prin_ciple,
polarized flux will be not significant and the resultant PP observations of GRB 110721A cannot reject the

magnetized internal shock model.
1 For SMR model, its PD will concentrated around 0, hence it is Our model cannot discriminate between the internal
disfavored. shocks and reverse shocks for GRB 110721A. Because the

The PD of GRB 110721A s very high and the best fit value

reaches’84%. Polarization of the burst was interpreted

with the early reverse shock modédiréija et al. 2017a
uch a high PD is even larger than that of synchrotron

5.2 GRB 170114A
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model in our paper is constructed from observations oshocks and reverse shocks. By assuming the synchrotron
the GRB prompt energy spectrum and it is independent oémission, the model in this paper is constructed from
the internal shock model and of the reverse shock modetbservations of GRB prompt phase. It is only suitable
Therefore, we cannot use the results of our model tdor the emitting spectrum with a Band-function like form.
discriminate these two models. Therefore, whether the model in this paper can be used
The major factors that affect the GRB polarizationto describe the optical polarization of GRB 160625B
are the MFCs and energy spectra of electrons in ther not, depends on the energy spectrum of the optical
emission region. For these two models (internal shocKlash. Actually, the two models have similar properties
and reverse shock), the emission matters are both ejectéitht affect polarization significantly. The materials oftbo
from the central engine, so it is possible for these twadnternal shocks and reverse shocks are ejected from the
models to have a large-scale ordered magnetic field ioentral engine. If the outflow is magnetized, there will
their emitting region. Electrons in these two models arebe large-scale ordered magnetic field (or at least mixed
both mainly accelerated by shocks, and energy spectra ofagnetic field) in these materials, large PD (or at least
shocked accelerated electrons might be similar. Thereforenoderate PD) can be predicted for these two models.
polarization predictions of these two models should bePolarization predictions of these two models should be
similar. The predicted PD of these two models can rangsimilar. If the MFCs in these two models are mixed, both
from zero (for 3D random magnetic field) to 90% (for ~ models could predict the observéth to 8% PD of the
single-energy electrons in an ordered magnetic field, seeptical flash of GRB 160625B. As mentioned above, the
Lan & Dai 202Q. The predicted PAs of the most models observed moderate PDs of the optical flash also suggest a
are usually a constant. The abr@df and the gradual PA magnetized ejecta, while we do not know that the emission

changes are relatively rare. of prompt optical flash of GRB 160625B is whether from
the magnetized internal shocks or from the reverse shocks.
7 THE POLARIZATION OF PROMPT OPTICAL Therefore, it might be very hard to distinguish these two
FLASH OF GRB 160625B models through polarization observations.

Trojaetal. (2017 have reported their polarization ob- g ~oNCLUSIONSAND DISCUSS ON
servations of prompt optical flash of GRB 160625B.

The observed PD is variable and significant, rangindBecause polarizations of synchrotron emission are very
from ~ 5% to ~ 8%. In GRBs, the main emission sensitive to MFCs, their properties with different kinds of
mechanism is synchrotron and then three factors affedlFCs should be investigated in detail. In this paper, we
polarization properties significantly, the MFC, jet stiret  have discussed the polarization properties of GRBs with
and observational geometryraija et al. (20178 have four new models (i.e., SMA, SMT, SMR and SR3) and
modeled the early and late afterglows of the burst and thegompared their properties with those of SOA, SOT, SR2
found that the ejecta of GRB 160625B is magnetized, wittand CD models. Then a set of random numbers has been
a magnetization parameter @f~ 0.4. The energy spectra simulated and the statistic properties of GRB polarization
of GRB 160625B were analyzed tBhang et al.(2018§  are studied.
and the emission region of the main burst was found to be  In SOA model, the aligned magnetic field is assumed
Poynting-flux dominated. These results can be confirmetb be a series of parallel lines in the plane of sky, while the
by the polarization observations of prompt optical flash ofordered part is latitude circles in the jet surface in SMA
the burst. The optical linear PD increases from alidat  model. Through our calculation, the polarization propgesrti
to 8%. GRB 160625B is very bright, indicating an on-axis of SOA and SMA models are indeed very similar, which
observation. Combining these two facts, the favored MFGnfers that the difference of aligned magnetic field in SOA
in the emitting region of optical radiation is mixed, i.e., and SMA models is very tiny, parallel lines in the plane
including both ordered and random componeh&n(et al.  of sky are good approximation of latitude circles in the
2019. Because PD with a random magnetic field is aboujet surface. In our treatment, SR3, SMR and SOR models
zero for an on-axis observation, while it will be 25%  are handled separately and these results are consistent.
for a purely ordered magnetic field (see Fi§sand 10  Polarization properties of SMR model approaches that of
in this paper). The mixed magnetic field in the optical SR3 model wherfz — 0 and approaches that for SOR
emitting region means the ordered part of magnetic fieldnodel wher¢gz > 1.
exists in the ejecta and will indicate a magnetized ejecta Polarization properties of SM models and the cor-
from central engine. responding SO models (e.g., SMA and SOA) are very
As mentioned in SectioB, the results of the models similar, except that PD of the SM models can be lower,
in this paper cannot be used to distinguish the internalepending or¢p values. PDs of SO and SM models are
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sensitive to the observational andle, jet half-opening be different, it is meaningless to discuss the statistical
angled; and peak energy’, .1, but are insensitive to properties of PA.

the bulk Lorentz factol® and observational frequencies

Vobs. The conclusion for,,s — PD dependence is suitable It was shown in the former studies that PA can evolve
only for the energy band between 10 and 1000 kevgradually for SOA (SMA) model, while it can only change
PA evolutions are rare. For SMA and SOA models, PAsabruptly by 90° for SOT (SMT) model, then the two
change gradually only when the'T' cone crosses the jet Models are distinguishable through PA evolution patterns
cone. PD plateau of SOT model in, — PD curve of Of the single burst l{an etal. 2016 2019. Here, we
Figurel whenge,s < 1 is about25% in our calculation, Suggestthat SOA (SMA) and SOT (SMT) models can also
while it is ~ 40% in Toma et al.(2009, because, s be distinguishable through statistics of their PDs. If we
is taken as 350 keV in our calculation while it is roughly have a large time-integrated PD sample of GRB prompt
16 keV inToma et al(20092. From our Figurel0, PD is  Phase, there is a non-zero PD island for these GRBs in
about25% when E, ,,s = 350 keV, while it is as high as the sample, then SOA, SOT, SMA and SMT models are
40% for E, o1s = 16 keV. Therefore, our results of SOT favored. Selecting the bright bursts (which is very likady t
model are consistent with that #ma et al(2009. be observed on-axis), then if PDs of at least several bright
GRBs are substantially lower than PD value at PD island,
eSOT (SMT) models will be favored. If PDs of all the bright
asymmetry in the system, including that of the emissionGRBS are around the PD island value, SOA (SMA) model

region itself and of the location of the observer. When?'© fa\éo(;eci]. I QSRPDSI;?MO\I%[IJ; of(;)blserve;:l samgle 'S
the asymmetry of the system increases, PDs also increa8EUNd O, then ’ an modets are favored.

and vice versa. Generally speaking, there are two kinds Finally, we apply our simulation results to POLAR's
of asymmetries for synchrotron emission in GRB jet, ON€yata and find that SMA and SMT models are mostly

originates from the magnetic field in the emission regiory, .4 tor the observed time-integrated10% PD. For
and the other is (?ontrlbuted by the geometry (including;pg 170114A, large time-resolved PD favors the SO
the ggometry of jet structure and of observation). Themodels. Both the gradual and abrap0° PA changes of
evolutions of PD. vaI}Je can be analyzed by the changes Qg rst favor the SOA model with a precessing jet, while
these asymmetries in the system. In addition, the spectrgllOWN 4% time-integrated PD could not be obtained from
index of electrons also affect local PD significantly andy,. soa model of a precessing jet, hence the model is
then the PD of the jet. disfavored. The magnetic patch model is also disfavored by

gobs — PD diagrams of the simulated bursts tracethe roughly anti-clockwise rotated PA of GRB 170114A.
the corresponding,,s — PD curves in Figured and7

with small scatters. PD values at PD islandstipobs —
PD diagrams are also the PD values of PD plateaux in
dobs — PD curves withg,,s < 1 of Figuresl1 and 7.
PD islands inE), .,s — PD diagrams of SOA and SOT
models are both concentrated aro@atl, so it is hard to  Acknowledgements We thank Hai Yu and Shuang-Xi Yi
distinguish these two models through the statistics of POor useful discussions and also thank En-Wei Liang for
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It is known that polarization originates from asym-
metries. The change of PD will reflect the change th

2 In Toma et al(2009, ['hv, = 350 keV andl’ = 100, thenhv)), =
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Appendix A: POLARIZATION OF SYNCHROTRON the synchrotron emission in an ordered magnetic figid.
EMISSION WITH DIFFERENT MFCS  for three models can be expresseddas= (sin 0’5)%**.
AND CD MODEL The expressions oin 6 and local PAy,, for SOA model

are shown successively in the followinggh et al. 201%H
A.1. Synchrotron Emission in an Ordered Magnetic

Field (SO)

sin 6, — [1 _p? 2sm2 f005°(¢ — b) } - :
o o S cos? 6 + sin® 0 cos? (¢ — d,)

An ordered magnetic field in the emission region is still (A.1)
possible, of which can be carried out from GRB central cos — (8

engine. Since the directions of the ordered magnetic fields Xp = ¢+ arctan (cos 0(1 — Bcosb) cot(¢ — 5“)> ’

are fixed in a point-like region (at which the direction of (A.2)
the comoving wavevector is roughly fixed), the local PDWhered, is the orientation of the aligned magnetic field.
11, for these three models, i.e., SOA, SOT and SOR, willThese formulas for SOT model are as followsiha et al.
be equal tdl,, wherelly = (@+1)/(a+5/3)isthe PDof 2009 Lan et al. 201}

: . . 1/2
g — {1 _p? sin? 0y sin? 0 sin” ¢ } / (A3)
sin? @ sin? ¢ + (sin Oy cos @ — cos Oy sin O cos ¢)> ' '
cosf — f3 sin Oy cos 0 sin ¢
— t . A.4
Xp = ¢+ arc an<cosc9(1 — Bcosh) 8 (cos By sin 6 — sin Oy cos@cos¢)> (A4)

In the following, we will derive the expressions of also consider three kinds of mixed magnetic fields with
sinfy and of the local PAy, for the SOR model. In different ordered components (i.e., SMA, SMT and SMR),
this model, the magnetic field is along the radial directionwhich is the same as that iran et al.(2019. These three
and also we assume that jet has no lateral expansioordered magnetic field components in the mixed magnetic
which finally readsB’ = 3, where 3 is the velocity fields are the same as that discussed above in Section 2.1.
direction of the local fluid element. Then the electric The aligned and toroidal ordered components are assumed
vector of synchrotron photons & || B x k, wherek is  to be confined in the shock plane while the radial ordered
the wavevector in the observer frame. Then we establisbomponent is along the radial direction of the jet element.
a global coordinate systerﬁ?Yl%, with X along the The random part of the mixed magnetic field is assumed to
projection of the jet axis in the plane of sky. The polar andbe isotropic in three-dimensional space.
azimuthal angle of the local velocitgﬁl in XYk system Same as that iLan et al. (2018, we establish two
aref ande, then = (sin 6 cos ¢, sin f sin ¢, cos ). After  coordinate systemszj3 andi2k’, wherej = 1 || 8 x k. In
some calculations, we finally gét= sin¢X — cos¢Y.  a smaller region, where the direction of the magnetic field

Then the local PA for SOR model is is fixed, let the polar and azimuthal angles of the magnetic
. - field in 124" system b#’; and¢’;. The detailed derivations
Xp = arctan <—Y> =0+ > (A.5) of the local PD and of the local PA are not repeated here,
ex

which can be found itan et al.(2019. We only give the
The pitch angle of electrons in such a radial magnetic fieldinal results, which will be used here.

can be found througtvs 0, = B’ - k' = (cos 0 — ) /(1 —
B cosd), wherek/ is the comoving wavevector.

V/((sin 05) 14 cos(2¢'5))? + ((sin 05) '+ sin(2¢7))°

=t (i 0 ) |
_ B)2 (A7)
sinf); = \/1 - ((fongfe))T (A.6)
— 5 ™
Xp = ¢+ X + 5 o, (A.8)
A.2. Synchrotron Emission in a Mixed Magnetic Field with
(SM) {(sin 05)1+9 sin(2¢),))

1
/
X, = — arctan ( - = ) . (A9
During jet propagation, collisions, shocks or magnetic re- vz ((sin )14 cos(2¢7))

connections may happen, which will disturb the magneticThe angle bracket denotes the average over the mag-
field lines, leading to a mixed magnetic field. Here wenetic field direction. A, can be expressed a4, =
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((sin@z)2*T1). The average over the magnetic field A.4. Compton Drag (CD) Model
direction and the expressions fon 0’, sin ¢'; andcos ¢’ _ _ _
for three kinds of mixed magnetic field with different !t is known that Compton scattering can induce po-

ordered components can also be fountan et al(2019.  larization. In CD model, soft photons around the
n is an integer. GRB jet will be up-scattered by the electrons in jet

because of their relativistic bulk motiorSifaviv & Dar

A.3. Synchrotron Emission in a Random Magnetic 1995 Eichler & Levinson 2003Levinson & Eichler 2004

Field (SR) Lazzati et al. 2004 Same as that ifoma et al.(2009, a

nonthermal spectrum for the seed photons is assumed and

The random magnetic field may be generated or amplifiedlso the seed photon field are assumed to be unpolarized
during the shock propagation, which is favored by theand isotropic. Then it readdy = (1 + cos®#')/2, 11, =
observed low PD values (a few%) during the late GRB(1 — cos?#')/(1 + cos?¢’) andx, = ¢ + 37/2, where
afterglow phaseGovino et al. 1999Rol et al. 20002003  cos#’ = (cos — 3)/(1 — S cos ). Also for CD model, its
Gorosabel et al. 20046reiner et al. 2004Wiersema et al.  Stokes parametér,, is 0.
20132. Literally, an anisotropic 3D random field had been
discussed by several authors (egari 1999 Gruzinov
1999. Here, both SR2Toma et al. 2009Lan et al. 2019
and SR3 models are considered. For these two modelapramowicz, M. A., Novikov, I. D., & Paczynski, B. 1991, ApJ,
we havedy = ((sin0;)**!) andIl, = [(Q))/(F}) = 369,175
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