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                               Outline of talk 
1.  Introduction of relativistic jets and Weibel instability      
      (Nisikawa et al 2009)         
2. Magnetic field generation and particle acceleration in kinetic 
    Kelvin-Helmholtz instability (Nishikawa et al. ApJ, 793, 60, 2014)  
3. Global jet simulations with shock and KKHI with large 
     simulation system (Nishikawa et al. ApJ, 820, 94, 2016a) 
     (rjt = 100∆) 
4. Global jet simulations with helical B fields (reconnection) 
     (Nishikawa et al. Galaxies, 4, 38, 2016b) (rjt = 20∆) 
5. New results with larger jet radius with short system  
    (rjt = 40∆, 80∆, 120∆) (Nishikawa et al. Galaxies, 5, 58, 2017)  
6. Two different Helical Magnetic Field structure  
     (a = rjt = a/4 and a/2) 
7. Synthetic Spectra and Polarity Images 
8. Summary 
9. Future plans  



Key Scientific questions 
•  How do global jets evolve with different species? 
•  How do helical magnetic fields affect kinetic instabilities, 
   shocks and reconnection? 
•  Jets in Jets really happen due to reconnection? 

Why we need to perform RPIC simulations of  
      relativistic jets  
 
•  Kinetic instabilities (e.g., kKHI, (MI), and the Weibel instability) are key  
      in understanding jet evolution 
•  Helical magnetic fields are crucial in understanding these instabilities 
•  RPIC global jets simulations are new and innovative and provide complex 
     evolution of relativistic jets with kinetic processes including radiation 
     which cannot be done by RMHD simulations 
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with specific stellar populations). Because merger counterparts
are predicted to be faint, obtaining a spectroscopic redshift
is challenging (cf. Rowlinson et al. 2010), in which case
spectroscopy of the host galaxy is the most promising means
of obtaining the event redshift.

It is important to distinguish two general strategies for con-
necting EM and GW events. One approach is to search for a
GW signal following an EM trigger, either in real time or at
a post-processing stage (e.g., Finn et al. 1999; Mohanty et al.
2004). This is particularly promising for counterparts predicted
to occur in temporal coincidence with the GW chirp, such as
short-duration gamma-ray bursts (SGRBs). Unfortunately, most
other promising counterparts (none of which have yet been
independently identified) occur hours to months after coales-
cence.6 Thus, the predicted arrival time of the GW signal will
remain uncertain, in which case the additional sensitivity gained
from this information is significantly reduced. For instance, if
the time of merger is known only to within an uncertainty of
∼ hours (weeks), as we will show is the case for optical (radio)
counterparts, then the number of trial GW templates that must
be searched is larger by a factor ∼104–106 than if the merger
time is known to within seconds, as in the case of SGRBs.

A second approach, which is the primary focus of this paper,
is EM follow-up of GW triggers. A potential advantage in this
case is that counterpart searches are restricted to the nearby
universe, as determined by the ALIGO/Virgo sensitivity range
(redshift z ! 0.05–0.1). On the other hand, the large error
regions are a significant challenge, which are estimated to be
tens of square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009; Wen &
Chen 2010; Nissanke et al. 2011). Although it has been argued
that this difficulty may be alleviated if the search is restricted
to galaxies within 200 Mpc (Nuttall & Sutton 2010), we stress
that the number of galaxies with L " 0.1 L∗ (typical of SGRB
host galaxies; Berger 2009, 2011) within an expected GW error
region is ∼400, large enough to negate this advantage for most
search strategies. In principle the number of candidate galaxies
could be reduced if the distance can be constrained from the
GW signal; however, distance estimates for individual events
are rather uncertain, especially at that low of S/Ns that will
characterize most detections (Nissanke et al. 2010). Moreover,
current galaxy catalogs are incomplete within the ALIGO/Virgo
volume, especially at lower luminosities. Finally, some mergers
may also occur outside of their host galaxies (Berger 2010;
Kelley et al. 2010). Although restricting counterpart searches to
nearby galaxies is unlikely to reduce the number of telescope
pointings necessary in follow-up searches, it nevertheless can
substantially reduce the effective sky region to be searched,
thereby allowing for more effective vetoes of false positive
events (Kulkarni & Kasliwal 2009).

At the present there are no optical or radio facilities that can
provide all-sky coverage at a cadence and depth matched to
the expected light curves of EM counterparts. As we show in
this paper, even the Large Synoptic Survey Telescope (LSST),
with a planned all-sky cadence of four days and a depth of
r ≈ 24.7 mag, is unlikely to effectively capture the range of
expected EM counterparts. Thus, targeted follow-up of GW

6 Predicted EM counterparts that may instead precede the GW signal include
emission powered by the magnetosphere of the NS (e.g., Hansen & Lyutikov
2001; McWilliams & Levin 2011; Lyutikov 2011a, 2011b), or cracking of the
NS crust due to tidal interactions (e.g., Troja et al. 2010; Tsang et al. 2011),
during the final inspiral. However, given the current uncertainties in these
models, we do not discuss them further.

BH

obs

j
Tidal Tail & Disk Wind

Ejecta ISM Shock

Merger Ejecta 

v ~ 0.1 0.3 c

Optical (hours days)

Kilonova
Optical (t ~ 1 day)

Jet ISM Shock (Afterglow)

GRB
(t ~ 0.1 1 s)

Radio (weeks years)

Radio (years)

Figure 1. Summary of potential electromagnetic counterparts of NS–NS/
NS–BH mergers discussed in this paper, as a function of the observer angle,
θobs. Following the merger a centrifugally supported disk (blue) remains around
the central compact object (usually a BH). Rapid accretion lasting !1 s
powers a collimated relativistic jet, which produces a short-duration gamma-
ray burst (Section 2). Due to relativistic beaming, the gamma-ray emission
is restricted to observers with θobs ! θj , the half-opening angle of the jet.
Non-thermal afterglow emission results from the interaction of the jet with
the surrounding circumburst medium (pink). Optical afterglow emission is
observable on timescales up to ∼ days–weeks by observers with viewing angles
of θobs ! 2θj (Section 3.1). Radio afterglow emission is observable from all
viewing angles (isotropic) once the jet decelerates to mildly relativistic speeds
on a timescale of weeks–months, and can also be produced on timescales of
years from sub-relativistic ejecta (Section 3.2). Short-lived isotropic optical
emission lasting ∼few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in the ejecta
(Section 4).
(A color version of this figure is available in the online journal.)

error regions is required, whether the aim is to detect optical
or radio counterparts. Even with this approach, the follow-
up observations will still require large field-of-view (FOV)
telescopes to cover tens of square degrees; targeted observations
of galaxies are unlikely to substantially reduce the large amount
of time to scan the full error region.

Our investigation of EM counterparts is organized as follows.
We begin by comparing various types of EM counterparts, each
illustrated by the schematic diagram in Figure 1. The first is an
SGRB, powered by accretion following the merger (Section 2).
Even if no SGRB is produced or detected, the merger may still
be accompanied by relativistic ejecta, which will power non-
thermal afterglow emission as it interacts with the surrounding
medium. In Section 3 we explore the properties of such “or-
phan afterglows” from bursts with jets nearly aligned toward
Earth (optical afterglows; Section 3.1) and for larger viewing
angles (late radio afterglows; Section 3.2). We constrain our
models using the existing observations of SGRB afterglows,
coupled with off-axis afterglow models. We also provide a re-
alistic assessment of the required observing time and achiev-
able depths in the optical and radio bands. In Section 4 we
consider isotropic optical transients powered by the radioac-
tive decay of heavy elements synthesized in the ejecta (referred
to here as “kilonovae,” since their peak luminosities are pre-
dicted to be roughly one thousand times brighter than those
of standard novae). In Section 5 we compare and contrast the
potential counterparts in the context of our four Cardinal Virtues.

2

Metzger & Berger 2012 

Multi-frequency emission from relativistic jets generated 
             by mergers with realistic jet structures 

GRB jets from BNS mergers schematic picture of possible radiation 

stellar center the same as in the P case. In contrast to BHNS
systems, we find that interior-only initial B-fields also lead to
jet formation in NSNSs. Throughout this work, geometrized
units (G = c = 1) are adopted unless otherwise specified.

2. METHODS

We use the Illinois GRMHD code, which is built on the
Cactus6 infrastructure and uses the Carpet7 code for
adaptive mesh refinement. We use the AHFinderDirect
thorn (Thornburg 2004) to locate apparent horizons. This code
has been thoroughly tested and used in the past in different
scenarios involving magnetized compact binaries (see, e.g.,
Etienne et al. 2008, 2012b; Liu et al. 2008; Gold et al. 2014a,
2014b). For implementation details, see Etienne et al.
(2010, 2012a) and Farris et al. (2012).

In all simulations we use seven levels of refinement with two
sets of nested refinement boxes (one for each NS) differing in
size and resolution by factors of two. The finest box around
each NS has a half-side length of ~ R1.3 NS, where RNS is the
initial NS radius. For the I model, we run simulations at two
different resolutions: a “normal” resolution (model IN), in
which the finest refinement level has grid spacing 0.05
M = 227(MNS/1.625Me)m, and a “high” resolution (model
IH), in which the finest level has spacing 0.03 M = 152(MNS/
1.625Me) m. For the P model, we always use the high
resolution. These choices resolve the initial NS equatorial
diameter by ∼120 and ∼180 points, respectively. In terms of
grid points per NS diameter, our high resolution is close to the
medium resolution used in Kiuchi et al. (2014), which covered
the initial stellar diameters by ∼205 points. We set the outer
boundary at ( ):»M M M245 1088 1.625NS km and impose
reflection symmetry across the orbital plane.

The quasi-equilibrium NSNS initial data were generated
with the LORENE libraries.8 Specifically, we use the n= 1,
irrotational case listed in Taniguchi & Gourgoulhon (2002),
Table III, =M R 0.14 versus 0.14, row 3, for which the rest

mass of each NS is ( ):M k1.625 269.6 km2 1 2, with k the
polytropic constant. This same case was used in Rezzolla et al.
(2011). As in PRS we evolve the initial data up to the final two
orbits prior to merger ( =t tB), at which point each NS is seeded
with a dynamically unimportant B-field following one of two
prescriptions:
(1) The P case (Figure 1, upper left), for which we use a dipole

B-field corresponding to Equation (2) in Paschalidis et al. (2013).
We choose the parameters I0 and r0 such that the magnetic-to-
gas-pressure ratio at the stellar center is b =- 0.0031251 . The
resulting B-field strength at the NS pole measured by a normal
observer is ( )� :´B M M1.75 10 1.625pole

15
NS G. While this

B-field is astrophysically large, we choose it so that following
merger, the rms value of the field strength in the hypermassive
neutron star (HMNS) remnant is close to the values found in
recent very-high-resolution simulations (Kiuchi et al. 2015)
which showed that the Kelvin–Helmholtz instability (KHI)
during merger can boost the rms B-field to 1015.5 G with local
values reaching even 1017 G. Our choice of the B-field strength
thus provides an “existence proof” for jet launching following
NSNS mergers with the finite computational resources at our
disposal. To capture the evolution of the exterior B-field in this
case and simultaneously mimic force-free conditions that likely
characterize the exterior, we follow PRS and set a variable-
density atmosphere at t = tB such that the exterior plasma
parameter βext = 0.01. This variable-density prescription,
imposed at t = tB only, is expected to have no impact on the
outcome (cf. PRS). With our choice of βext, the amount of total
rest mass does not increase by more than ∼0.5%.
(2) The I case, which also uses a dipole field but confines it

to the interior. We generate the vector potential through
Equations (11), (12) in Etienne et al. (2012a), choosing Pcut to
be 1% of the maximum pressure, nb = 2, and Ab such that the
strength of the B-field at the stellar center coincides with that in
the P case. Unlike the P case, a variable-density atmosphere is
not necessary, so we use a standard constant-density atmo-
sphere with rest-mass density 10−10ρ0,max, where ρ0,max is the
initial maximum value of the rest-mass density.
In both the P and I cases, the magnetic dipole moments are

aligned with the orbital angular momentum. During the

Figure 1. Snapshots of the rest-mass density, normalized to its initial maximum value ρ0,max = 5.9 × 1014 ( ):
-M M1.625 g cmNS

2 3 (log scale) at selected times for
the P case. The arrows indicate plasma velocities, and the white lines show the B-field structure. The bottom middle and right panels highlight the system after an
incipient jet is launched. Here ( ):= ´ -M M M1.47 10 1.6252

NS ms = ( ):M M4.43 1.625NS km.

6 http://www.cactuscode.org
7 http://www.carpetcode.org
8 http://www.lorene.obspm.fr
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The y component of magnetic field (By) in x-z plane at the center of jet (Ex,z) 
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Reconnection in astrophysical system 

Jet in jets are discussed by Giannios et al. 2009; Komissarov et al. 2009;  
Zhang & Yan 2011; Nalewajko et al. 2011; Cerutti et al. 2012,  
Granot et al. 2012; Komissarov 2012; McKinney & Uzdensky 2012;  
Sironi et al. 2015; Duran, Leng, & Gianios 2016  L30 D. Giannios, D. A. Uzdensky and M. C. Begelman

θ ∼ 1/"j. The blob moves with "em ≫ "j provided that the motions
within the jet are relativistic. Such fast internal motions are possible
in a PDF where magnetohydrodynamics (MHD) waves approach
the speed of light.

2.1 The jet

For more quantitative estimates, we consider a jet with (isotropic)
luminosity Lj that moves with the bulk "j. The jet is assumed to
be strongly magnetized with Poynting-to-kinetic flux ratio (mag-
netization) σ ≫ 1. As reference values, we use "j = 10 and σ =
100. The Poynting luminosity of the jet may be inferred from the
flaring isotropic luminosity of PKS 2155−304 and is set to Lj =
1047 erg s−1.

The energy density in the jet is (as measured in a frame comoving
with the jet)

e′
j = Lj/4πr2c"2

j = 12Lj,47r
−2
2 "−2

j,1 erg cm−3, (3)

where A = 10xAx and the spherical radius is R = rRg with Rg = 1.5
× 1014 cm, corresponding to the gravitational radius of a black hole
of 109 solar masses. The magnetic field strength in the jet is

B ′
j =

√
4πe′

j = 12L
1/2
j,47r

−1
2 "−1

j,1 Gauss. (4)

For a proton-electron jet, the particle number density in the jet is

n′
j = B2

j /4πc2σmp = 80Lj,47r
−2
2 "−2

j,1 σ−1
2 cm−3. (5)

2.2 The emitting blob

We assume that a fraction of the magnetic energy of the jet is oc-
casionally dissipated through reconnection. In the PDF considered
here, current-driven instabilities are the most relevant ones in trig-
gering the dissipation (e.g. Eichler 1993; Begelman 1998; Giannios
& Spruit 2007; see, however, McKinney & Blandford 2009). Al-
ternatively, reversals in polarity of the magnetic field that threads
the black hole can lead to magnetic reconnection in the jet (see also
Section 5).

Our picture for relativistic reconnection is the following
(Lyubarsky 2005). High-σ material is advected into the reconnec-
tion region where the release of magnetic energy takes place. Part
of the dissipated magnetic energy serves to give bulk acceleration
of the ‘blob’ (in the rest frame of the jet) and the rest to heat the
outflowing material to relativistic temperature. We explore the pos-
sibility that emission from the outflowing material produces the
TeV flares, and refer to it as the ‘emitting blob’ or simply ‘blob’
(see Fig. 1).

For our quantitative estimates that follow, we adopt the rela-
tivistic generalization of Petschek-type reconnection worked out by
Lyubarsky (2005; see also Watanabe & Yokoyama 2006 for rela-
tivistic MHD simulations that support this picture). In this model,
the material leaves the reconnection region with bulk "co close to
the Alfvén speed of the upstream plasma "co ∼

√
σ ≃ 10σ

1/2
2 in the

rest frame of the jet (Petschek 1964; Lyutikov & Uzdensky 2003;
Lyubarsky 2005). For the last expression to be valid, we assume
that the guide field (i.e. non-reversing field component) is not strong
enough to affect the reconnection dynamics (i.e. B ′

guide!B ′
j/

√
σ ;

see also Section 5 for when this condition may be satisfied). As seen
in the lab frame, plasma is ejected from the reconnection region with
"em ∼ "j"co = 100"j,1σ

1/2
2 . The ratio of the thermal energy to rest

mass in the blob frame is ẽem/ρ̃emc2 ∼
√

σ , and reconnection leads

Figure 1. Schematic representation of the geometry of the ‘jets in a jet’
shown in a frame comoving with the jet. Right: the reconnection region en-
larged. Plasma heated and compressed by magnetic reconnection leaves the
reconnection region at relativistic speed "co ≫ 1 within the jet in the form
of blobs. Each blob emits efficiently through synchrotron-self-Compton in
a narrow beam within the jet emission cone, powering a fast evolving soft
X-ray and TeV flare. The sequence of flares seen in PKS 2155−304 may be
the result of multiple reconnection regions or intrinsic instabilities (e.g. tear-
ing) of one large reconnection region.

to compression of the outflowing material ρ̃em ∼
√

σρ ′
j . The energy

density in the blob is (Lyubarsky 2005)

ẽem ∼
√

σ ρ̃emc2 ∼ σρ ′
jc

2 = 12Lj,47r
−2
2 "−2

j,1 erg cm−3. (6)

The fact that this is similar to equation (3) is just a consequence of
the pressure balance across the reconnection region.

Even though we consider a PDF jet, the emitting (downstream)
region is not necessarily magnetically dominated since a large part
of the magnetic energy dissipates in the reconnection region. This
has important implications for the radiative processes discussed
below. On the other hand, the blob material may remain strongly
magnetized. Any guide field in the reconnection region will be
amplified by compression and will not dissipate. Lyubarsky (2005)
shows that for a guide field B ′

guide!B ′
j/

√
σ , the magnetization of

the blob (downstream plasma) is σ em ! 1. The magnetic field in the
blob rest frame is roughly estimated to be

B̃em !√
4πẽem = 12L

1/2
j,47r

−1
2 "−1

j,1 Gauss. (7)

If electrons receive an appreciable fraction of the released energy
f ∼ 0.5, they are heated to characteristic

γe ∼ f
√

σmp/me ∼ 104f1/2σ
1/2
2 , (8)

assumed to be isotropic in the blob rest frame.

2.2.1 The blob size

From the observed energy of the TeV flares, we can estimate the
energy contained in each blob. Combined with the energy density
(6), we derive an estimate of the size of the blob.

The TeV flares have observed (isotropic equivalent) luminosity
Lf ∼ 1047 erg s−1 (allowing for a few times the observed energy
to be emitted below ∼200 GeV, the low-energy threshold of the
observations) and duration of tf ∼ 300 s. The associated energy is
then Ef = Lf × tf ≃ 3 × 1049Lf,47 tf,300 erg.

In the model discussed here, the source of the flare moves with a
bulk "em ≫ 1. Its emission is concentrated in a cone that corresponds

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 395, L29–L33

(Giannios et al. 2009) 



Reconnection with Harris model 
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Figure 1. Qualitative pattern of two-dimensional reconnection.

Importantly, IMHD implies conservation of magnetic
field line topology. In IMHD this fact can also be
expressed by the property that two plasma elements
that are connected by a magnetic field line at one time
are connected by a magnetic field line at any later time
(magnetic line conservation). Furthermore, the magnetic
flux through an arbitrary contour transported by the
plasma velocity field is also conserved. These properties
provide the quantitative background for the dynamical
constraints of IMHD mentioned above. In particular,
they imply that large-scale topological reconfigurations of
the magnetic field structure, as assumed to be associated
with stellar and magnetospheric activity, are ruled out.
In the following, we summarize in what sense magnetic
reconnection resolves that dilemma and what is known at
present about that process.

Two-dimensional reconnection
The simplest geometry in which reconnection may be
described has two spatial dimensions, requiring the
presence of an ignorable coordinate in three-dimensional
physical space. In this section Cartesian coordinates x, y, z

are used and it is assumed that the physical quantities are
independent of z. We will first consider steady states and
then introduce time dependence.

Steady-state reconnection
The basic configuration of two-dimensional steady-state
reconnection is shown in figure 1. All field quantities are
independent of time. Also, the magnetic field B and the
plasma velocity v are assumed to lie in the x, y-plane,
while for the electric field a non-vanishing z-component
is admitted. The plasma is highly ideal such that the
Lundquist number S (12) is much larger than 1.

To obtain an efficient conversion of magnetic to
kinetic energy (along the trajectories of fluid elements) it
is appropriate to assume a stagnation-type flow field v
and oppositely directed magnetic fields in the upper and
lower part of the inflow region (figure 1). The magnetic
field vanishes at the origin (neutral point); viewed three-
dimensionally a neutral line (line on which B = 0) extends
along the z-axis.

Since S is large, for a smooth plasma flow
with maximum gradients associated with the global
length scale L the frozen-in condition would not allow
annihilation of magnetic flux to any significant extent.
This difficulty is avoided by the presence of a ‘diffusion
region’ near the neutral line, where the resistive term j/σ

in Ohm’s law is much larger than in the approximately
ideal environment (‘external region’), typically by an
enhancement of jz. The diffusion region has length scales
δ and # (figure 1) with L ≥ # ≥ δ. A locally defined
Lundquist number, where L is replaced by δ in (12)
can be considerably smaller than the global Lundquist
number, indicating that in the diffusion region resistive
diffusion can play an important role. There, the plasma
and magnetic fields may decouple effectively, so that field
annihilation along the fluid path becomes possible.

Under the present conditions (5) implies that Ez is a
positive constant, say E0. The presence of the diffusion
region allows for a non-vanishing value of E0, because
otherwise (i.e. under ideal conditions with j/σ negligible)
the z-component of equation (3) would require Ez = 0 at
the neutral point, such that E0 would have to vanish.

Another important property of the present geometry
(shown in figure 1) is that ∂By/∂x > ∂Bx/∂y or jz > 0.
Therefore, E · j = E0jz > 0 holds, which by (8) or
(9) implies that magnetic energy is converted to kinetic
energy. In fact, from (8) one finds

∂

∂s

(

v2

2
+

u + p

ρ

)

> 0 (13)

where (1) was used assuming that ρv ̸= 0, and s denotes
the arc length of the trajectory of the plasma element
(increasing in the direction of v). Note that the thermal part
on the left-hand side of (13) is enthalpy per unit mass rather
than internal energy per unit mass, because the work done
by the pressure force is included.

For a discussion of the consequences of mass and
momentum conservation we specialize the resistive MHD
equations (1)–(7) further, using the incompressibility
condition (11) with constant density ρ0 instead of (4). Then
the resistive RMHD equations for a steady state assume the
form

ρv · ∇v = −∇p + j × B (14)

E0 + v × B · ez = jz/σ (15)

∇ · v = 0 (16)

(∇ × B) · ez = µ0jz (17)

∇ · B = 0. (18)

Quantities in the outer inflow region will be
characterized by their magnitudes at the point (x0, 0)

where the positive x-axis crosses the boundary, and are
labeled by the subscript zero, in particular (in addition to
ρ0, E0)

p0 = p(x0, 0), B0 = By(x0, 0), v0 = −vx(x0, 0)

Copyright © Nature Publishing Group 2001
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Initial conditions: anti-parallel magnetic field generated by sheet current 
(extensive simulation studies with “Harris model”) 
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Figure 2. Three-dimensional density isosurfaces with a transverse slice at z = 0 for the decreasing density cases B1 (Rj = a/2) and B2 (Rj = 4a) at t/tc = 50 and
90. Representative solid magnetic field lines are shown, and the color scales with the logarithm of the density.
(A color version of this figure is available in the online journal.)

later simulation time, t = 90, it is clear that the kink amplitude
increases spatially down the jet with the largest amplitudes
located far from the inlet at z ∼ 15L = 60a. The very
different result from the Rj = a/2 case indicates a propagating
spatially growing kink as opposed to a static temporally growing
kink. We find that the perturbation propagation speed is greater
than the flow speed (see Section 3.2), and the precessional
perturbation crosses the grid before t = 90. The difference
in behavior between cases A1 and A2 was suggested by
previous periodic box simulations of temporal kink growth,
which showed a temporally growing static kink when Rj =
a/2 and a temporally growing moving kink when Rj = 4a
(Mizuno et al. 2011). In both decreasing density cases, organized
helical density and magnetic structure appear disrupted at the
terminal simulation time, albeit at very different distances from
the inlet.

For the increasing density cases, Figure 3 reveals some
differences relative to the comparable declining density cases.
Like the declining density cases A1 and A2 at t = 50, in cases C1
and C2, the helical kink develops first near the jet inlet. At the
later simulation time, now t = 100 in case C1 with Rj = a/2,
the kink amplitude continues to grow near the jet inlet and also
develops farther down the jet like the decreasing density case A1.
Now the largest amplitudes are found somewhat farther from the
inlet at z ∼ 7.5L = 30a and appear less than for the comparable
decreasing density case A1. For Rj = 4a, at the later simulation
time, the kink amplitude increases spatially down the jet like the
decreasing density case A2. The amplitude appears to saturate
beyond about z ∼ 10L = 40a without obvious disruption
of the helical twist. However, beyond z ∼ 15L = 60a, the
magnetic structure becomes more distorted and less regular. We
note that the perturbation propagation speed is greater than the

5

Current-driven instability may trigger reconnection? 

(Mizuno et al. 2014) 

In global jets (helical magnetic fields: Harris model cannot be applied) 



Global simulations with helical magnetic field 

Helical magnetic field 

Jx  with helical magnetic field 
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B0 = 0.1 
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B0 = 0.1 
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Particle Acceleration in Helically Magnetized RPIC Jets  
t = 500ω pe

−1

e± jet e− - p+ jet 
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B0 = 0.1 

e− - p+ jet e± jet 

Current density Jx in jets with MF streaming lines 
t = 500ω pe

−1

𝛾=15 

rjt =120∆ 

rjt =40∆ 

Mushroom 
instability kKHI 

Weibel 
and kink-like 
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B0 = 0.1 

e− - p+ jet e± jet 
Electron densities and By t = 500ω pe
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B0 = 0.1 

e− - p+ jet e± jet 

Current density Jx in jets and  MF streaming lines 
t = 500ω pe

−1
𝛾=15 

rjt =80∆ 

Jx 
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vecters 

Reconnection? Recollimation 
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from Report of the Workshop on  
Opportunities in Plasma Astrophysics 

(Nishikawa, JGR, 1997) 

schematic reconnection  
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Cai et a. Earth Planets Space, 53, 1011–1019, 2001 
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Poloidal component (By) a = rjt/4 and rjt/2  
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Electron Density in x – z plane a = rjt/4 and rjt/2  
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Image maps of polarity 𝛾jet = 15 rjet = 40∆ at time t = 500 ω pe
−1

e− - p+ jet e± jet 

I-map 

LPI 
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See talk (Friday) by MacDonald 



Summary for global jet simulations  
      with helical magnetic fields 

•  The evolution of jets depends on the size of jet radius  
•  For the small jet radius (rjt =20∆) (Nisihkawa et al 2016b)  
      The electron-proton jet shows recollimation shocks  
            due to the kinetic instabilities (MI)          
      The electron-positron jet shows the growth of kink-like             
            instability which generate the turbulent current  
            filaments expanding outside the jet  
•  For the larger jet radius (rjt =80∆ and 120∆)  
        The more complicated structures are generated by 
             the mixed instabilities (Weibel, kKHI, MI and  
             kink-like instability).  
•  Further simulations with a even larger system (larger  
    jet radius) need to be investigated with varying the  
    strength and structure of helical magnetic fields  



estimated using a Bayesian approach proposed by Fan (2017).
Assuming a flat prior on isotropic luminosity, we obtain L iso =
1.2 100.6

0.7 47´-
+ erg s−1, which is consistent with the standard

GBM approach. This Bayesian approach can be used to combine
future joint GW-GRB observations to provide a redshift-
independent estimate of the GRB luminosity function.

The two apparent components of GRB170817A are
sufficiently different that using an average spectrum to estimate
the fluence may produce an inaccurate total luminosity.
Therefore, we also estimate Eiso using the “detailed” fits
described in Goldstein et al. (2017). Separating the hard peak
best fit by a Comptonized function (a power law with an
exponential cutoff) and the softer tail best fit by a BB spectrum,
we estimate E 4.0 1.0 10iso,comp

46= o ´( ) erg, and Eiso,BB =
1.3 0.3 1046o ´( ) erg, for a total of E 5.3iso = o(

1.0 1046´) erg.
Compared to the distribution of GBM detected GRBs with

measured redshift shown in Figure 4, GRB170817A is 2 orders
of magnitude closer and 2 to 6 orders of magnitude less energetic
than other SGRBs. In particular, GRB 150101B was previously
the weakest SGRB with a firm redshift association (z 0.134;=
Fong et al. 2016), and its energetics (as measured by GBM)
E 2.3 10iso

49= ´ erg, and L 7.5 10iso
49= ´ erg s−1 are 2–3

orders of magnitude higher. As this was the previous dimmest
burst, the minimum luminosity cut of 5 1049´ erg s−1 used in
Wanderman & Piran (2015) to fit a rate and an L iso distribution to
existing observations appeared reasonable; however, with
GRB170817A, the lower bound on the isotropic energetics
distributions needs to be revised, as discussed in Section 6.4.

6.2. Implications of the Dimness on the Central Engine

The broad observed brightness distribution likely arises from
a mixture of an intrinsic brightness distribution and geometric
effects, which include the inclination angle of the system to
Earth, the structure and width of the collimated jet itself, and
the relativistic beaming angle bq . We consider several
possibilities to explain why GRB170817A is extremely dim
(Figure 5): (i) we viewed it from beyond the half-jet opening
angle jq for a standard top-hat model, (ii) the structure of the jet
is more complicated than a simple top-hat model, (iii) the
observed emission for GRB170817A originates from a

different mechanism than for most SGRBs, or (iv) it is due
solely to the intrinsic luminosity distribution and not the
geometry of the system.
Scenario (i). Uniform top-hat jets (constant emissivity and

Lorentz factor, Γ, within the jet aperture) with a sharp edge
have been widely used to explain GRB properties, including jet
breaks (Rhoads 1999). The top-hat jet is the simplest possible
model for calculating off-axis parameters as it captures the
basic physics of the system, but it is unable to account for
smooth profiles in the Lorentz factor and the emissivity. Here
the observed energetics are significantly lower than they would
be if we were within jq .
In the top-hat scenario, off-axis values of physical quantities

can be related to the on-axis values through the angle
dependence of the relativistic Doppler factor:

1 cos 2 1 , 18D
1 2 2d q b q q= G - » G + G-( ) [ ( )] ( ) ( )

where θ is the angle between the velocity vector v and the line
of sight, and v cb = . The relation for duration and peak
energy is linear with Dd (see, e.g., Granot et al. 2002):
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whereas E off axis,isog ( ‐ ) scales approximately b 2µ - for a
viewing angle ζ between jq and 2 jq . The duration in the on-
axis scenario may be longer than inferred from the above
equation, as the variable gamma-ray flux can be discerned
above detector noise for a longer fraction of the total activity
compared to emission viewed off-axis.
We use the observed quantities for GRB170817A,

E 200 keVp » , E 5.3 10,iso
46= ´g erg, and T 2 s90 » , as

values observed off-axis. If we assume that the on-axis values
for GRB170817A are consistent with typical values
observed for SGRBs, we obtain E b6 30p = ( ) MeV,
E b5 10 30,iso

49 2= ´g ( ) erg, and T b7 10 3090
2 1= ´ - -( ) s.

In particular using a fiducial range on E on axis,iso -g ( )
corresponding to the two orders of magnitude spread shown in

Figure 5. Three potential jet viewing geometries and jet profiles that could explain the observed properties of GRB170817A, as described by scenarios (i)–(iii) in
Section 6.2.
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We have simulated global jets with zero opening angle (cylindrical) 
we will perform global jets with more realistic jet structures as shown 
below 

(Abbott et al. 2017) 

Possible scenarios with different jet structures 

helical magnetic fields in relativistic jets play important roles 



                    Future plans  
•  Further simulations with a systematic parameter  
     survey will be performed in order to understand  
     jet evolution with helical magnetic fields  
•   Further simulations will be performed to calculate  
     self-consistent radiation including time evolution  
     of spectrum and time variability using larger systems 
•  Investigate radiation processes from the accelerated  
     electrons in turbulent magnetic fields and compare  
     with observations using global simulation of shock, 
     KKHI and reconnection with helical magnetic field 
     in jet (GRBs, SNRs, AGNs, etc)   
�   Magnetic field topology analysis for understanding 
     reconnection evolution and associated flares  
•   Particle acceleration and radiation and flares 
     in shocks and reconnection with helical magnetic field 
•   Synthetic imaging with polarity 


