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Abstract

We propose a novel numerical formalism for solving multi-dimensional, special relativistic Boltzmann
transfer equations for neutrinos coupled to hydrodynamics equations. The relativistic treatment in
this paper is non-conventional, taking account of all orders of O(v/c). Consistent treatment of advec-
tion and collision terms in the Boltzmann equations is the source of difficulties, which we overcome by
employing two different energy grids: the Lagrangian remapping grid (LRG), and Laboratory fixed grid
(LFG). We carry out a series of basic tests and perform one dimensional simulations with spherical
symmetry of core-collapse, bounce and shock-stall for a 15M⊙ supernova progenitor model with a
minimum but essential set of microphysics. We demonstrate in the latter simulations that our new
code is capable of handling all phases in core-collapse supernova. For comparison, non-relativistic
simulations are also conducted with the same code, and we demonstrate that they produce qualita-
tively wrong results in neutrino transfer. Finally, we also discuss the possible incorporation of general
relativistic effects in our formalism.
Subject headings: supernovae: general—neutrinos—hydrodynamics

1. INTRODUCTION

γ + γ←→ e− + e+ (1)

Quantitative studies on the mechanism of core-collapse
supernovae (CCSNe) require detailed numerical simula-
tions. Except for low-mass (8 ∼ 10M⊙) progenitors,
elaborate one-dimensional (1D) simulations under spher-
ical symmetry have not reproduced the supernova ex-
plosion (Sumiyoshi et al. 2005; Liebendörfer et al. 2005;
Kitaura et al. 2006; Burrows et al. 2007). Last decade,
most of supernova modelers have focused particularly on
the Multi-D aspects of dynamics (see e.g., Kotake et al.
(2012a); Janka (2012); Burrows (2013) for recent review).
In the post-bounce phase, instabilitities drive post-shock
accretion flows into turbulence, making dynamics intrin-
sically multi-D. This may be crucial for the supernova
explosion, since the non-spherical turbulent motions in-
crease the dwell time of material in the gain region, en-
hancing its absorption of hot neutrinos, boosting the post
shock pressure, and eventually pushing the shock wave
outwards (Takiwaki et al. 2012; Dolence et al. 2013).
As a matter of fact, we have recently witnessed some

shock revival by currently most advanced simulations
(Burrows et al. 2006; Marek & Janka 2009; Suwa et al.
2010; Lentz et al. 2012; Müller et al. 2012a,b; Takiwaki et
al. 2013), which has raised our hope that we will finally
unveil the mechanism of CCSNe. Unfortunately, how-
ever, the success or failure of the supernova explosion is
a delicate problem. In fact, the latest results of Multi-D
simulations by different groups are still at odds with one
another and no consensus has yet emerged concerning
which ingredient(s) is (are) essential for explosion. Al-
though various approaches, both phenomenological and
numerical, are being undertaken at present, only better
simulations possibly with a Boltzmann-equation solver

in full general relativity (GR) that incorporate detailed
microphysics may give the conclusive answer.
Towards this goal, we are developing a numerical code

for neutrino transfer, which solves the Boltzmann equa-
tion (Sumiyoshi & Yamada 2012). Our code is based on
the discrete-ordinate Sn method, which finite-differences
the Boltzmann equations, deploying multi-angle and
multi-energy groups in momentum space. Sumiyoshi &
Yamada (2012) demonstrates the capabilities of this new
code, which implements the minimum set of neutrino
reactions, using some snapshots from three-dimensional
(3D) supernova simulations (see also Sumiyoshi et al.
(2014)). These calculations studied neutrino transfer in
static backgrounds, however, and no back-reactions to
matter were taken into account.
The next step should be a coupling of this code with a

hydrodynamical code. This may not be so easy, though.
Spherically symmetric 1D computations may be easier,
since they can adopt Lagrangian formulations both for
neutrino transfer and hydrodynamics (Mezzacappa &
Bruenn 1993; Mezzacappa et al. 2001; Liebendörfer et
al. 2005; Sumiyoshi et al. 2005, 2007). Such formalisms
cannot be applied to the Multi-D case, however, and dif-
ferent formulations should be developed for the Multi-
D Boltzmann-Hydro simulations, i.e. the simulations
that solve the Boltzmann equations and hydrodynami-
cal equations simultaneously in multi-dimensions.
Unlike the previous 1D codes, we adopt an Eulerian

picture. There are several reasons for this choice. Among
other groups, we have in mind that the Boltzmann solver
will be coupled with a Multi-D Eulerian hydrodynamics
and gravity solvers, which have been well established and
widely used in the high-energy astrophysical community.
In addition, the Eulerian picture has a benefit to eas-
ily handle the left hand side of Boltzmann equation, i.e.,
advection terms. In general, Lagrangian formulations
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Figure 18:

Distributions of jet opening angles for short (blue) and long (red) GRBs, based on breaks in their afterglow
emission. Arrows mark lower or upper limits on the opening angles. The observations are summarized in
§8.4. From Fong et al. (2013) and references therein.

jet break leads to θ j ≈ 15◦; however, this interpretation has been disputed (Watson et al. 2006), and here
I conservatively use θ j ∼> 15

◦ as a lower limit. X-ray observations of GRB 111117A with Swift/XRT and
Chandra revealed no break to about 3 d, leading to an inferred lower limit of θ j ∼> 6

◦ (Margutti et al. 2012).
Finally, the lack of a break in the X-ray afterglow of GRB120804A to about 46 d, indicates an opening
angle of θ j ∼> 11

◦ (Berger et al. 2013).
There are also several claimed breaks at much earlier times, ∼ 0.5− 2 hr, with a post-break steep decline

rate that is reminiscent of jet break behavior (GRBs 061201, 090305, 090510). If these are indeed jet breaks,
then the resulting opening angles are even narrower than for most long GRBs, θ j ∼ 1 − 2◦. However, in
the case of GRB090305 the claimed break is based on a single optical data point (Nicuesa Guelbenzu et al.
2012a), while for GRB090510 there is no corresponding break in the optical band despite simultaneous
coverage (Nicuesa Guelbenzu et al. 2012b). In addition to these putative breaks, several short GRBs exhibit
no break in their X-ray light curves to ∼ day, leading to typical limits of ∼> 3

◦ (GRBs 070714B, 070724A,
071227, 081226, 101219A; Fong et al. 2012). The distribution of jet opening angles for short GRBs, along
with a comparison to long GRB jets is shown in Figure 18.
Using the most robust detections and constraints described above (3 detections and 4 lower limits), I find
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Fig. 3.— The evolution of average opening angle (θave) for successful breakout models.
Upper: The evolution of θave is measured from the time after the jet injection. Lower: Same

as upper one, but the evolution is measured by the location of jet head (Rjh).
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Fig. 2.— Density contour for two models at tb (upper) and the last time of our simulation
(lower). Left:M-ref. Right:M-M3.
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and rj and t denote the radius of the jet head and the time after the merger, respectively.

According to Bromberg et al. (2011) 1, the condition of cocoon confinement is L̃ ! θ−4/3
0 ∼

6(θ0/15◦)−4/3. In the vicinity of resc (ϵr ∼ 1), all models (including M-M3) satisfy the
confinement condition, which indicates that the jet undergoes a collimation once at least.

The cocoon pressure decreases with time since the density of ejecta has steep radial gradient
(n = 3.5). Despite the weakening cocoon pressure, the opening angle of the jet becomes

smaller than the initial one. In order to analyze the degree of the collimation more precisely,
we define the average jet opening angle as

θave(t) ≡

∫ Rjh

resc
θop(t, r)dr

Rjh(t)− resc
, (9)

where Rjh denotes the radius of jet head. The jet opening angle at each radius (θop) is defined
as the angle of relativistic component, where hΓ > 10. Note that if the jet is completely
conical, θave is equal to θ0. Figure 3 shows the evolution of θave for each model. Indeed, θop
is always less than θ0, which is a clear evidence of a jet collimation. Note that θave after
the breakout does not become ∼ θ0/5, which is different from the collapsar case (Mizuta &

Ioka 2013). It may be attributed to the fact that the ejecta is not stationary contrary to the
stellar mantle, and the density gradient of ejecta is steeper than in the case of the stellar
mantle.

The initial jet opening angle is also important for the dynamics of jet propagation. It

is determined in the vicinity of HMNS or BH by the interaction between the jet and the hot
accretion disk (Aloy et al. 2005), or pinching by magnetic fields (McKinney 2006). One of

the important consequences of this study is that all models succeed the breakout by the
end of our simulation except for M-th45 (θ0 = 45◦). For the failed-breakout model (M-th45),
the shocked jet and ejecta cannot go sideways into the cocoon because of the large cross

section of the jet and eventually expands quasi-spherically. This fact gives an interesting
prediction that there are some population of choked (failed) SGRBs, which could be potential

candidates for the high energy neutrinos (Mészáros & Waxman 2001; Razzaque et al. 2004;
Ando & Beacom 2005; Horiuchi & Ando 2008; Murase & Ioka 2013; Osorio Oliveros et al.
2013). The estimation of the rate of chocked SGRBs is fairly uncertain, since it depends

on the jet luminosity, opening angle, ejecta mass, and the operation timing of the central
engine. We also find that the delayed central engine activity tends to drive failed SGRBs

since the ejecta head has already traveled farther away from the merger remnant (see rmax

of M-ti500 in Table 1).

1This criterion is not applicable for the steep density gradient (n > 3), but we employ it for a qualitative
argument. More detailed analytical criterion for the jet collimation in NS-NS ejecta is currently under study
(Hotokezaka et al. 2014).



Summary	

1.	
  GRBs	
  are	
  very	
  high	
  energy	
  events	
  with	
  (probably)	
  two	
  popula%ons	
  

	
  
2	
  Rela%vis%c	
  Jets	
  are	
  mandatory	
  for	
  producing	
  GRBs	
  

	
  
3.	
  Long	
  GRBs	
  are	
  supposed	
  to	
  originate	
  from	
  the	
  death	
  of	
  massive	
  	
  
	
  	
  	
  	
  stars	
  

	
  
4.	
  Short	
  GRBs,	
  on	
  the	
  other	
  hand,	
  may	
  come	
  from	
  compact	
  binary	
  
	
  	
  	
  	
  mergers	
  

	
  
5.	
  We	
  demonstrated	
  the	
  jet	
  breakout	
  and	
  collima%on	
  due	
  to	
  the	
  	
  	
  	
  
	
  	
  	
  	
  interac%on	
  with	
  maTer	
  by	
  rela%vis%c	
  hydrodynamical	
  simula%ons	
  


