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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.
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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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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.

We thank Matthias Hempel for Boltztran simula-
tion data and Masaomi Tanaka and Masaki Yamaguchi
for helpful discussions. This study was supported
in part by the Grants-in-Aid for the Scientific Re-
search of Japan Society for the Promotion of Science
(JSPS, Nos. JP26707013, JP26870823, JP16K17668,
JP17H01130, JP17K14306), the Ministry of Educa-
tion, Science and Culture of Japan (MEXT, Nos.
JP15H00789, JP15H01039, JP15KK0173, JP17H05205,
JP17H05206 JP17H06357, JP17H06364, JP17H06365,
JP24103001 JP24103006 JP26104001, JP26104007), and
JICFuS as a priority issue to be tackled by using Post
‘K’ Computer.
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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⊙,
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nostic energy and the central remnant mass at the end
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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,
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Asymmetry of SN ejecta
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Massive NSs have high v_NS.
- Net momentum of the ejecta (Pgas) is the 
leading factor of v_NS.
- Mass accretion onto a proto-NS leads both 
massive NS and high Lν (≒ hihg Eexp).
- Observations present a similar trend.

International Workshop “4M-COCOS”        Oct. 21-24, 2019 @ Fukuoka Univ.

 0

 200

 400

 600

 800

1.2 1.4 1.6 1.8

ki
ck

 v
el

oc
ity

 [k
m

/s
]

gravitational NS mass [M⊙]

t = 5 s
final

NS-NS

NS-MS/WD


