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incorporated all the current wisdom regarding telescope and
instrument performance.

The fitted X-ray positions of RX J0822−4300 (labeled as NS)
and that of the three fiducial reference stars are listed for each
of the four observations in Table 3, along the respective HRC
counting rates.

2.2. Transformation to the World Coordinate System (WCS)

In order to determine the position of RX J0822−4300 relative
to the three reference stars we assume a linear transformation
with four free parameters: translations in right ascension, tRA,
and in declination, tDecl, a scale factor r, and a rotation of the
detector θ . The transformation can be expressed in the following
way:
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where xi, yi is the x-, y-positions of star i in the HRC image at
epoch T and x ′

A, y ′
A are the corresponding optical coordinates

of star i. These coordinates are given by the UCAC3 catalog
and are corrected for proper motion (see Tables 2 and 3). We
used stars A and B to calculate the transformation and star C to
verify the resulting parameters. Multiplying Equation (1) with
the inverse of the matrix leads to the missing parameters tx, ty,
r, and θ . The position of RX J0822−4300 at epoch T can then
be calculated straightforwardly by the following equation:
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Calculating the transformation gives a rotation angle θ of
−0.◦061(31), 0.◦076(28), −0.◦018(27), and 0.◦000(29), and a
scale factor r of 1.00059(60), 1.00182(52), 1.00044(40), and
1.00033(45) for the epochs 1999.97 (HRC-I), 2001.07 (HRC-S),
2005.31 (HRC-I), and 2010.61 (HRC-I), respectively (numbers
in parentheses represent the uncertainty in the final digits). The
values of r and θ for the HRC-I observations match within the
1σ error and are significantly smaller than these for the HRC-S
observation. tRA and tDecl used in the translations of the position
of RX J0822−4300 from the image to the world coordinate
system are all below 0.′′5. Indeed, the largest shift is 0.′′29 for the
y-coordinate in the 2010 HRC-I observation. The positions of
the neutron star in the four epochs are listed in Table 4.

To estimate the error in the coordinates of RX J0822−4300,
we used the Gaussian elimination algorithm to solve
Equation (1) for tx, ty, r, and θ . We then inserted these pa-
rameters into Equation (2). This results in equations for x ′

NS
and y ′

NS that depend only on values with known errors: xA, yA,
xB, yB, x ′

A, y ′
A, x ′

B , y ′
B , xNS, and yNS. The uncertainties in these

two neutron star coordinates at each epoch can then be derived
through straightforward error propagation:
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The same formula is applicable for σy ′
NS

. The corresponding
values are listed in parentheses in Table 4.
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Figure 2. This enlargement of the immediate region of RX J0822−4300 shows
the data from all three HRC-I epochs (after alignment to a common coordinate
system) in different colors. The neutron star’s motion is apparent.

To check the robustness of our results we applied several
cross-checks. We first repeated the transformation using the
fiducial points B & C rather than A & B. The positions of
RX J0822−4300 obtained this way are also listed in Table 4
for comparison. As can be seen, they have larger errors than
using the reference stars A & B (because star C has only a
few counts at each epoch) but match the other positions within
the 1σ uncertainty range. Using the combination of stars A
& C rather than A & B leads to large errors, as A and C are
located quite close to one another and are in approximately the
same direction relative to RX J0822−4300. In a third test, we
calculated the position of RX J0822−4300 by applying only a
two-dimensional translation of the four images. We weighted
the shifts of the three reference stars inversely as the variance
and calculated their mean for every epoch. The results for the
position of RX J0822−4300 differ for the HRC-I observations
by at most 0.4 pixels from the ones calculated according to
Equation (1). For the HRC-S image the difference in x is
≈1 pixel, though this is mainly due to systematic offsets between
the HRC-S and HRC-I detectors. This is also seen if we compare
the scale factors and rotation angles that we computed for the
HRC-I and HRC-S observations.

2.3. The Proper Motion of RX J0822−4300

To measure the proper motion of RX J0822−4300 over a
baseline of 3886 days, we used all four positions obtained from
the observations between 1999.97 and 2010.61 and fitted a linear
function to x ′

NS(T ) and y ′
NS(T ) separately:

x ′
NS(T ) = µxT + constx, (4)

y ′
NS(T ) = µyT + consty. (5)

In these fits the projected proper-motion coordinates µx

and µy were taken as free parameters for which we find
µRA = −64 ± 12 mas yr−1 and µDecl = −31 ± 13 mas yr−1,
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RX J0822−4300 from three Chandra HRC-I 
epochs (after alignment to a common 
coordinate system) in different colors. 

Young pulsars possess large proper 
motion velocities.

672�115 km/s (RX J0822-4300)

1083 km/s (PSR B1508+55)

~ 200 – 500 km/s on average

Implication for NS kick
Some NS binary systems have

large inclination angle,
and large eccentricity.

+103
-90



Two competing mechanism of NS kick

1) Neutrino kick mechanism
NS acceleration by aspherical neutrino radiation from SN core.

CCSN emits a huge amount of neutrino (~1053erg).
A few % of anisotropy can accelerate NS to 1000km/s.
BUT it turned out to be very difficult.

2) Hydrodynamic kick mechanism
NS acceleration as a result of recoil of aspherical matter ejection.

Anisotropic mass ejection in CCSN would lead to a NS kick (recoil). 
Aspherical structure of pre-collapse progenitor star.
Hydrodynamic instability (convection, SASI).



X-ray morphology of SNRs
22 Katsuda et al.
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Figure 9. Left: NS kick velocities (filled circles) and the CoM velocities (open boxes) with the origin at the CoE or at the CoX
for Kes 73, RCW 103, and N49, for which CoEs are not available. All opening angles between the CoM and the NS are large,
which means that CoMs and NSs are located in opposite directions of the explosion points. The magnetars in Kes 73 and RCW
103 do not possess higher kick velocities than the other NSs. Right: Same as left but the NS and CoM positions are rotated
such that the NS positions are aligned upward, and the velocities are normalized by the NS speeds.
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Figure 10. NS kick velocities versus asymmetry parameters for the IMEs. Observational values are shown as crosses. Results
from numerical 2D and 3D simulations (Nakamura et al. 2016; Wongwathanarat et al. 2013) are shown as squares and triangles,
respectively. They are calculated for Si interior to the shock radius at a time of about 1 second (open symbols) and about 3
seconds (filled symbols) after core bounce.

Center-of-mass positions of SNRs relative to 
their NSs. All opening angles are large, which 
means that NSs are moving to opposite 
directions to SN ejecta.

Holland-Ashford+’17
analyze X-ray images of 18 SNR with 
Chandra & ROSAT.
*SN ejecta and CSM were not 
distinguished.

Katsuda+’18
reanalyze 6 SNR using more 
sophisticated way.

Result�NSs are really moving to the 
opposite direction to SN ejecta !

→ Hydrodynamic-kick mechanism.

Katsuda+’18

NS

SN ejecta



Previous theoretical works

Burrows & Hayes’96
2D, ~300ms.
assuming a large anisotropy in a 
progenitor model.

Scheck+’04,’06
2D, ~� s.

Wongwathanarat+’13
3D, >� s.

980 L. Scheck et al.: Multidimensional supernova simulations. I.

of the impinging downflows. A part of the gas is integrated in
the cooling layer and in response to the neutrino losses settles
rather slowly on the NS, while the other, higher-entropy part is
added to the region outside of the gain radius and is neutrino-
heated until it is blown away again in the neutrino-driven wind.
As a result, our models reveal that only at most 10−15% of the
binding energy of the infalling gas in the downflows are radiated
highly anisotropically. A much larger part of the released gravi-
tational binding energy is not emitted in the downflows but from
the essentially spherical layer enwrapping the nascent NS and
settling on it3. Due to the mass ejection in the wind, the total rate
of energy loss in neutrinos is actually significantly smaller than
the rate of release of gravitational binding energy correspond-
ing to stationary accretion with the mass infall rate through the
downflow.

7.2. Inertial mass of the neutron star

In most of our simulations we make the simplifying assumption
that the inertial mass of the neutron star is infinite, i.e. the con-
sequences of the neutron star motion are ignored during the hy-
drodynamic simulation. This assumption is dropped in one set
of models that is listed in Table A.5. In these simulations the
feedback effect of the neutron star motion is taken into account
by changing the frame of reference in every time step, thus al-
lowing the ejecta to move relative to the neutron star instead of
following the neutron star motion through the ambient gas (see
Sect. 2.3 and Appendices A and B).

Comparing the results obtained from both approaches for a
sample of about 30 simulations (which made use of the bound-
ary parameters of models B12 and B18), one sees that any
given model, all else being equal, develops different explosion
asymmetry and therefore NS kick, although the explosion en-
ergy and time scale are very similar (see Tables A.1 and A.5).
The ensemble distribution of kick velocities, however, shows lit-
tle change, and in particular neutron star velocities in excess
of 400 km s−1 after 1 s of post-bounce evolution are found re-
gardless of whether the relative motion of the neutron star is in-
cluded or not.

Inspecting our simulations with and without NS motion, we
can actually not discover any obvious differences caused by the
moving NS (the reader is invited to have a look at the movies
for models B12 and B12-m6 that are provided as online material
of this article). We think that there are a variety of reasons for
that. In the first place, the neutron star acceleration and velocity
are typically rather small, in particular before and just after the
explosion is launched when the acceleration is still unsteady (see
Figs. 8 and 18). Secondly, the downflow deceleration and impact
on the NS surface are so extremely violent and create so much
sound wave and shock activity that the small effect of NS motion
cannot be discerned from other dynamical effects. Thirdly, the
downflows and also the neutrino-driven wind at later stages are
so fast (>10 000 km s−1) and their accelerations so high that the
neutron star motion even with hundreds of km s−1 (but still rather
modest acceleration) is only a small correction.

Since the explosions in our models are triggered by neu-
trino heating, supported by violent hydrodynamic instabilities,

3 It should be noted that our transport approximation, which assumes
that the transport equations in radial direction can be solved indepen-
dently in all angular zones of the grid, has the tendency to overestimate
the neutrino emission anisotropy compared to a fully multidimensional
treatment. Therefore our “neutrino recoil” is likely to be an upper limit
of the corresponding effect rather than an underestimation.

Fig. 18. Neutron star velocities (absolute values) as functions of time
for models W12F-c, W12F and several other models with fast neutron
star contraction. In six out of eight models the neutron star moves faster
than 300 km s−1 at t = 1 s.

we suspect that the influence of the neutron star motion might
just be masked and dwarfed by other dynamics so that the ex-
plosion energy and time scale do not reveal any visible de-
pendence. On the other hand, the nonlinear growth of the hy-
drodynamic instabilities in the shocked layer is so chaotic that
any small changes, independent of their detailed origin (e.g.,
different initial seed perturbations, different rounding errors on
different computers, different neutrino interactions, the moving
neutron star, etc.) lead to modifications of the mass and momen-
tum distributions at the end of our simulations. Taking into ac-
count the NS motion by our transformation does not have any
specific consequences compared to other effects that influence
randomness.

7.3. Neutron star contraction and gravitational potential

For practical reasons, all simulations listed in Tables A.1−A.5
and Table 2 were performed with our “standard” prescription for
the contraction of the neutron star core (see Sect. 3.2), although
the “rapid contraction case” also discussed in Sect. 3.2 is po-
tentially more realistic. To study the corresponding differences,
we take the “high-perturbation”, non-rotating model W12-c (see
Sect. 6 and Table 2) as a reference case and perform an additional
simulation, model W12F-c, in which we replace the slowly con-
tracting inner boundary of model W12-c with the prescription
for a rapidly contracting proto-neutron star. Table 3 compares
some quantities characterising the two models.

Model W12F-c explodes earlier and attains a higher ex-
plosion energy than model W12-c. This can be explained by
the fact that for a smaller inner boundary radius more gravi-
tational energy is released, and that for a shorter contraction
time scale this release occurs earlier (see also Appendix C).
With vns

z (1 s) = 611 km s−1 the neutron star recoil velocity of
model W12F-c is very high. Large kicks are also found in a set
of simulations performed with rapid boundary contraction. For
testing this we consider for instance cases with

1. smaller initial random velocity perturbations of 0.1%
(model W12F in Fig. 18);

Scheck+’06

Problems�
- excising the central �NS� region,
- explosion by hand,
- and a small number of progenitor models.

NS recoil velocity 
for one progenitor model
with different parameter sets.

NS kick estimation from numerical simulations 
based on the hydrodynamic-kick scenario.



Systematic CCSN studies – 1D
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Figure 13. Outcome of core collapse as a function of ZAMS mass of single nonrotating massive stars, assuming that for moderately stiff nuclear EOS (e.g., LS180/
LS220), neutrino-driven explosions can be launched up to a bounce compactness ξ2.5 ! 0.45 (cf. Section 4.5). Other potential explosion mechanisms are neglected. We
consider only explosion and BH formation without explosion as outcomes and neglect other scenarios, including post-explosion BH formation via fallback accretion
(Zhang et al. 2008; Dessart et al. 2010), cooling or nuclear phase transitions. Shown are results for a range of model sets and metallicities (see Section 3). Very low
metallicity stars with ZAMS masses above ∼30 M⊙ robustly form a BH without explosion. At higher metallicity, uncertainties in the physics of mass loss (e.g., Smith
et al. 2010) make robust predictions difficult. This is reflected in the rather dramatic disagreement of the four solar-metallicity progenitor model sets that we include.
The “BH fractions” stated at the right edge of the plot denote the fraction of massive stars with M " 8 M⊙ that form BHs. They are obtained by convolution with a
Salpeter IMF under the assumption that stars with 8 M⊙ ! M ! 14 M⊙ explode robustly.
(A color version of this figure is available in the online journal.)

(IMF; α = 2.35, Mmin = 8.0 M⊙, and Mmax = 150.0 M⊙) we
estimate that ∼15% of all progenitors form BHs without explo-
sion. At (around) solar metallicity, the precise way of prescrib-
ing mass loss in stellar evolution has tremendous consequences
on the mapping between ZAMS mass and core collapse out-
come. Depending on the particular mass-loss prescription, we
predict a BH fraction of 0%–7% for solar-metallicity stars. This
makes mass loss the single most important unknown parameter
in connecting ZAMS conditions to core collapse outcome (in
agreement with Smith et al. 2010).

Rapid rotation, which may be present in a significant subset
of massive stars, generally increases the maximum PNS mass
by centrifugal support and delays BH formation. Assuming
(quite likely) uniform rotation of the PNS core, the increase
in maximum PNS mass due to centrifugal support in the
range of rotation rates explored is ∼5%–10%. In the basic
neutrino mechanism, rotation leads to a lower sum of νe and
ν̄e luminosities and lower mean energies for all neutrino types.
This is detrimental for explosion in 1.5D (and perhaps even
in 2.5D) despite centrifugal support (Fryer & Heger 2000; Ott
et al. 2008). A larger fraction of massive stars may form BHs
with (moderate) rotation than without. Left out of this picture are
potential magnetohydrodynamics contributions to the explosion
mechanism and energetics (cf. Burrows et al. 2007b).

Of particular interest to both formal relativity theory and
astrophysics is the range of potential birth spins of BHs.
Our results quite strikingly suggest that the rotation rate of
the maximum-mass PNS and, hence, the spin of the nascent
BH, will be limited to values of a⋆ below !0.9 by likely
nonaxisymmetric dynamics. If true and confirmed by multi-
dimensional simulations, 3D rotational instabilities may be a
cosmic censor preventing naked singularities from forming in
stellar collapse.

Rotation and the associated angular momentum are key
ingredients in the collapsar scenario for GRBs (Woosley 1993).
As part of this study, we have performed the first BH formation

study with the m35OC GRB progenitor of Woosley & Heger
(2006). Using the LS220 EOS, we predict an initial BH mass
of ∼2.29 M⊙ and a⋆ of ∼0.58. Assuming that the GRB engine
cannot operate until a Keplerian disk has formed, there will be a
delay of ∼10 s between BH formation and GRB engine ignition
at a BH mass of ∼8 M⊙ and a⋆ ∼ 0.75.

Finally, we re-emphasize that the goal of this study was not
to yield accurate predictions about the outcome of core collapse
in any individual progenitor. Rather, we have studied and
established overall trends with progenitor parameters. We have
made simplifications and approximations, and have omitted a
broad range of potentially relevant physics. The most important
of the latter may well be multi-dimensional dynamics and their
effect on the CCSN explosion mechanism and on the associated
failure rate of CCSNe.

Future work may be directed toward studying the systemat-
ics of BH formation in the post-explosion phase via fallback
accretion, PNS cooling, or EOS phase transitions. Our current
neutrino treatment must be upgraded for more quantitatively
accurate simulations and neutrino signature predictions. Ulti-
mately, multi-dimensional GR simulations of successful and
failing CCSNe will be necessary to study the multi-dimensional
dynamics left out here and for making truly robust predictions
of the outcome of stellar collapse for any given set of initial
conditions.

We acknowledge helpful discussions with and input from A.
Burrows, P. Cerdá-Durán, L. Dessart, M. Duez, T. Fischer, J.
Kaplan, J. Lattimer, C. Meakin, J. Murphy, F. Peng, S. Phin-
ney, C. Reisswig, S. Scheidegger, N. Smith, E. Schnetter, K.
Thorne, and S. Teukolsky. We thank S. Woosley and A. Heger
for their recent presupernova models and A. Chieffi and M.
Limongi for making available both of their presupernova model
sets. The computations were performed at Caltech’s Center for
Advanced Computing Research on the cluster “Zwicky” funded
through NSF grant no. PHY-0960291 and the Sherman Fairchild
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Systematic features of CCSN have 
been studied by 1D simulations.

Problems of 1D simulations�
- explosion by hand,
- and no NS kick.

Results�
CCSN properties �Lnu�Mpns�etc� are
- not a monotonic function of progenitor mass,
- monotonically increasing with compactness.

Compactness parameter
�O’Connor & Ott 2011�
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Fig. 1. Mass distribution of some selected models at a pre-collapse stage (top panel) and at the time of
core bounce (bottom).

ξM ≡ M/M⊙

R(M)/1000km
. (1)

The previous studies used M = 2.5 M⊙ (O’Connor & Ott 2011; Ugliano et al. 2012) or 1.75 M⊙

(O’Connor & Ott 2013) and estimated ξM at the time of core bounce. On the other hand, the

outer radius of our computational domain (5000 km) is too small to contain 2.5 M⊙ for all

models and even 1.75 M⊙ for some less massive models (see Figure 1). In this paper, we estimate

ξM at M = 2.0 and 2.5 M⊙ (ξM = ξ2.0, ξ2.5) directly from the progenitor models. It should be

noted that our definition of ξ2.5 gives almost the same value as the compactness estimated at

bounce, because the radius R enclosing 2.5 M⊙ is far from the center and the radial velocity

vR there is very small (e.g., for s15.0 model, R = 1.7×109 cm and vR =−6.8×106 cm s−1). By

comparing the top to bottom panel of Figure 1, the position of the outer envelope (>∼ 108 km)

changes very slightly. This is because of the long dynamical time scale there compared to the

short time period before bounce (∼ 200 ms). Actually ξ2.5 of s15.0 model in our definition is

0.149, which is very close to the value (0.150) estimated by O’Connor & Ott (2011) at bounce.
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Solar-metallicity (Z=Zo) models
s10.8 - 40.0 �#100�

Zero-metallicity (Z=0) models
z11.0 - 40.0 �#30�

Metal-poor (Z=10-4Zo) models
u11.0 - 22.8 / u23.0 - 46.8 / u47.0 - 58.8

�#240�

*All progenitors are from Woosley, Heger & Weaver (2002)



Systematic CCSN studies – 2D
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~400 progenitor models covering a 

wide range of mass �10.8-75Mo�
and metallicity (0-1 Zo),

2D, ~� s.

Self-consistent simulation including 

neutrino transport and PNS 

evolution.

Result�
confirm the compactness 

dependence of CCSN properties. NS mass of exploding models with different ZAMS 

mass and metallicity. Different color shows different 
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too short to estimate NS acceleration.



2D long-term CCSN simulations

Computation range�
r=0-5000 km → 100,000km,  θ=0-π, 

n(r)*n(θ) = 1008*128.

neutrino transport: IDSA (νe,νe)+ Leakage (νx).

EOS: LS220 + Si gas.

Progenitor models: 

exploding 10 models selected from 

Nakamura+’15  (M=11-20 Mo, Z=Zo).

13-alpha nuclear network.

s17.0
s17.0



NS kick – how to estimate

NS kick velocity estimated from recoil 
formula. “Ejecta” is defined as all the 
shocked region except NS (black), the 
region with positive local energy (blue), and 
with positive local energy and radial velocity 
(red).
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Long-term CCSN simulations and NS kick 5

also sustains neutrino energy deposition to the material
inside the shock and produce high diagnostic explosion
energies (right panel of Figure 3). The model s13.0 (thick
dotted line in black) is an exception. It experiences dras-
tic fallback of shocked matter after shock revival, result-
ing in low explosion energy.

Note that models s19.0, s25.4 and s27.0, which have
the highest compactness among the examined models,
leaves central remnants with masses 2.25M⊙, 2.88M⊙,
and 2.27 M⊙ at the end of the simulations. These are
heavier than the maximum mass of a cold neuron star
(2.04 M⊙) for the currently employed LS220 EOS, al-
though thermal pressure can leverage the maximum PNS
mass. To assess the fate of these PNSs, we refer to
1D general relativistic simulations by O’Connor & Ott
(2011) using the same EOS. A linear fit to their results
gives the maximum PNS mass as a function of the com-
pactness (Nakamura et al. 2015),

MPNS,max/M⊙ = 0.52 ξ2.5 + 2.01. (1)

This formula gives MPNS,max = 2.11M⊙ (s19.0),
2.20M⊙ (s25.4), and 2.13 M⊙ (s27.0), and implies black-
hole formation at 5.61 s (s19.0), 2.31 s (s25.4), and 5.28
s (s27.0), although our Newtonian simulation does not
have the ability to follow the blackhole formation.

Key properties of our SN models, including the diag-
nostic energy and the central remnant mass at the end
of our simulations as well as the time of shock revival
and mass of 56Ni in unbound material are summarized
in Table 2.

4. NEUTRONSTAR KICK

In this section, we estimate the kick velocity of neutron
stars in our CCSN models and compare with observa-
tions. Our CCSN models have some unphysical proper-
ties: too massive NSs, small explosion energy except for
s17.0 and blackhole forming s25.4 and s27.0, and short of
synthesized 56Ni. Most of these problems are caused by
the assumption of axi-symmetry. It makes quantitative
comparison between the models and observations diffi-
cult, but qualitative discussion is still meaningful. We
exclude the model s13.0 in the following systematic dis-
cussions because of its unordinary behavior.

As we have seen in Figure 1, our 2D CCSN models
present anisotropic mass ejection. It can be associated
with a linear momentum taken up by the central com-
pact remnant. The asymmetry of the ejected matter is
expressed by the parameter αgas (Scheck et al. 2004),
which is defined as

αgas ≡ |Pz,gas|/Pgas ≡ |
∫

dmvz|
∫

dm |v⃗|. (2)

The integrals are performed over the ejecta mass, where
ejecta means the matter with positive local energy and
positive radial velocity. Pz,gas is the gas momentum
along the z-direction (symmetry axis). Note that our
simulations are in 2D and the integrated momenta along
the x and y-directions (perpendicular to the symmetry
axis) are canceled out.

The NS kick velocity, vNS, is estimated using αgas,

vNS = αgasPgas/MNS. (3)

Time evolution of αgas and vNS are shown in Figure 6.
The s11.2 model, which has small compactness and less

linear momentum accumulated onto the PNS, reasonably
presents an early rise but finally the smallest value of vNS.

The kick velocities at two time steps, 5 s and final time
of the simulations, are plotted in the left panel of Fig-
ure 7 as a function of the compactness ξ2.5. We find a
roughly increasing trend in this plot, that is, the models
with high compactness have high recoil velocity. This is
caused by two reasons relating to the mass accretion rate
onto the shock, which is well characterized by the com-
pactness. First, models with small compactness such as
s11.2 achieve shock revival soon after the bounce, while
high ξ models suffer from high ram pressure by falling
matter which induces the standing accretion shock in-
stability (see Figures 1 and 2). As a result, a large scale
sloshing motion is developed before shock revival and it
is reflected to a high asymmetry parameter αgas. Sec-
ond, high mass accretion leads to high energy of neutri-
nos emitted from the central region. Neutrino heating
mechanism drives high diagnostic explosion energy and
large linear momentum of the ejected matter if the shock
is successfully revived.

Nakamura et al. (2015) investigated CCSN properties
by 2D simulations and found a linear correlation between
PNS mass and the compactness. Therefore, the kick ve-
locity also has an increasing trend to the compactness as
shown in the right panel of Figure 7.

This is moderately supported by observational data.
Millisecond pulsar masses can be estimated from radio
timing observations and optical spectroscopy. Table 3
summarizes the masses (Antoniadis et al. 2016, and ref-
erences therein) and the tangential velocity from proper
motions and parallaxes in literature (Desvignes et al.
2016; Matthews et al. 2016). Heavier millisecond pul-
sars appear to show higher velocity, although it includes
some errors.

5. DISCUSSION AND CONCLUSIONS

In this paper, we present the results of our long-term
simulations for 2D CCSNe.

Our 2D models apparently show too large values of
PNS mass and kick velocities. This is caused by the as-
sumption of axi-symmetry and 3D long-term simulation
is desirable.
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also sustains neutrino energy deposition to the material
inside the shock and produce high diagnostic explosion
energies (right panel of Figure 3). The model s13.0 (thick
dotted line in black) is an exception. It experiences dras-
tic fallback of shocked matter after shock revival, result-
ing in low explosion energy.

Note that models s19.0, s25.4 and s27.0, which have
the highest compactness among the examined models,
leaves central remnants with masses 2.25M⊙, 2.88M⊙,
and 2.27 M⊙ at the end of the simulations. These are
heavier than the maximum mass of a cold neuron star
(2.04 M⊙) for the currently employed LS220 EOS, al-
though thermal pressure can leverage the maximum PNS
mass. To assess the fate of these PNSs, we refer to
1D general relativistic simulations by O’Connor & Ott
(2011) using the same EOS. A linear fit to their results
gives the maximum PNS mass as a function of the com-
pactness (Nakamura et al. 2015),

MPNS,max/M⊙ = 0.52 ξ2.5 + 2.01. (1)

This formula gives MPNS,max = 2.11M⊙ (s19.0),
2.20M⊙ (s25.4), and 2.13 M⊙ (s27.0), and implies black-
hole formation at 5.61 s (s19.0), 2.31 s (s25.4), and 5.28
s (s27.0), although our Newtonian simulation does not
have the ability to follow the blackhole formation.

Key properties of our SN models, including the diag-
nostic energy and the central remnant mass at the end
of our simulations as well as the time of shock revival
and mass of 56Ni in unbound material are summarized
in Table 2.

4. NEUTRONSTAR KICK

In this section, we estimate the kick velocity of neutron
stars in our CCSN models and compare with observa-
tions. Our CCSN models have some unphysical proper-
ties: too massive NSs, small explosion energy except for
s17.0 and blackhole forming s25.4 and s27.0, and short of
synthesized 56Ni. Most of these problems are caused by
the assumption of axi-symmetry. It makes quantitative
comparison between the models and observations diffi-
cult, but qualitative discussion is still meaningful. We
exclude the model s13.0 in the following systematic dis-
cussions because of its unordinary behavior.

As we have seen in Figure 1, our 2D CCSN models
present anisotropic mass ejection. It can be associated
with a linear momentum taken up by the central com-
pact remnant. The asymmetry of the ejected matter is
expressed by the parameter αgas (Scheck et al. 2004),
which is defined as

αgas ≡ |Pz,gas|/Pgas ≡ |
∫

dmvz|/
∫

dm |v⃗|. (2)

The integrals are performed over the ejecta mass, where
ejecta means the matter with positive local energy and
positive radial velocity. Pz,gas is the gas momentum
along the z-direction (symmetry axis). Note that our
simulations are in 2D and the integrated momenta along
the x and y-directions (perpendicular to the symmetry
axis) are canceled out.

The NS kick velocity, vNS, is estimated using αgas,

vNS = αgasPgas/MNS. (3)

Time evolution of αgas and vNS are shown in Figure 6.
The s11.2 model, which has small compactness and less

linear momentum accumulated onto the PNS, reasonably
presents an early rise but finally the smallest value of vNS.
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is reflected to a high asymmetry parameter αgas. Sec-
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timing observations and optical spectroscopy. Table 3
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Anisotropy of SN ejecta

NS kick velocity (recoil velocity)

Dependence on integration range
�definition of ”ejecta”�:

- inside the shock �”all”�
- and unbound matter �”E>0”�
- with positive v_r �”E>0, vr>0”�

Here we adopt ”all”.
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NS kick – result (2)

High compactness progenitors have 
high kick velocity.
- development of hydrodynamic 

instability → large asphericity.
- large explosion energy (Pz).
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Observations – NS mass vs. v
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Summary & discussions

ü NS kick velocities estimated from 2D self-consistent long-term CCSN simulations.

ü 10 models have kick velocity between ~100 km/s (s10.8) and ~850 km/s (s17.0).

ü Massive NSs tend to have high kick velocity ← supported by observation.

u NS mass, explosion energy, and NS kick velocity of models with high 
compactness are still increasing at ~ 10 s.

u continuous accretion from the equatorial plane.
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EOS dependence (preliminary)
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Summary & discussions

ü NS kick velocities estimated from 2D self-consistent long-term CCSN simulations.

ü 10 models have kick velocity between ~100 km/s (s10.8) and ~850 km/s (s17.0).

ü Massive NSs tend to have high kick velocity ← supported by observation.

u NS mass, explosion energy, and NS kick velocity of models with high 
compactness are still increasing at ~ 10 s.

u continuous accretion from the equatorial plane.

u3D long-term simulation are required,
for multiple progenitors
with sophisticated (the true) EOS !


