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Abstract

In this paper, we present the first direct measurement of the proper motion of the neutron star (NS) in the supernova
remnant (SNR) G18.9—1.1 using a 15 yr Chandra baseline. After correcting the observations’ astrometric solutions
using reference Gaia stars’ positions, we measure a total proper motion of 24.7 + 6.8 masyr ' at an angle of
336° + 16° east of north. Using the distance estimates from the literature of 2.1 and 3.8 kpc, this proper motion
corresponds to Galactic rotation-corrected transverse velocities of 264d, ; + 79 km s~! and 474d; ¢ + 129kms ™,
respectively. Our power ratio method analysis of SNR ejecta slightly favors the higher velocity, as multipole
moments calculated from the back-evolved center using the farther distance are more consistent with values from
other CCSNRs. The NS’s motion is directly opposite the motion of bulk ejecta in G18.9—1.1, providing yet more
evidence that NS kicks are generated via a conservation of momentum-like process between the NS and the ejecta,

as has been observed in other SNRs.

Unified Astronomy Thesaurus concepts: Neutron stars (1108); Core-collapse supernovae (304); X-ray point
sources (1270); Supernova remnants (1667); Stellar kinematics (1608)

1. Introduction

Neutron stars (NSs) are compact objects formed in some
core-collapse supernovae (CCSNe) and have been observed to
have typical spatial velocities of a few hundred kms™'
(G. Hobbs et al. 2005; F. Verbunt & E. Cator 2017,
A. P. Igoshev 2020). As these fast NS “kicks” are greater than
any velocity that would arise from the disruption of a binary
(vns ~ 100kms™"; D. Lai 2001), it is thought that they are
generated as a result of instabilities in the supernova explosion.
Indeed, there is growing evidence that most NS are accelerated
in a direction opposite the bulk ejecta motion in a conservation
of momentum-like process (L. Scheck et al. 2006; A. Wongw-
athanarat et al. 2013; T. Holland-Ashford et al. 2017;
H.-T. Janka 2017; S. Katsuda et al. 2018; A. Burrows et al.
2024). However, there remains merit to the theory that NSs can
be kicked in a direction opposite the bulk neutrino emission
C. L. Fryer & A. Kusenko (2006), particularly for CCSNe with
the lowest progenitor masses, although such kicks are thought to
be glOOkms*l (M. S. B. Coleman & A. Burrows 2022;
A. Burrows et al. 2024).

To investigate the origins of these kicks and further our
understanding of supernova (SN) explosion processes, we can
study NSs that are directly associated with supernova remnants
(SNRs). The age of and distance to such NSs match that of the
SNR, and the properties of such NSs can be compared to
those of the SNR and its progenitor: e.g., energy, explosion
type, ejecta asymmetries, shock evolution, progenitor mass,
and progenitor binarity (e.g., S. P. Reynolds et al. 2017;
T. Holland-Ashford et al. 2020; P. Zhou et al. 2020; T. Narita
et al. 2023; C. Kim et al. 2024). Specifically, young SNRs with
strong thermal emission from shock-heated ejecta are prime
targets for such studies, as the X-ray emission will more
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directly probe SN mechanisms rather than properties of the
surrounding medium swept-up by the forward shock (e.g., see
reviews by M. C. Weisskopf & J. P. Hughes 2006;
J. Vink 2012). Furthermore, young, SNR-embedded NSs are
most easily and consistently detected in X-ray observations.
Certain types of NSs emit at only X-ray wavelengths (e.g.,
central compact objects; A. De Luca 2017), and various
environmental effects (e.g., foreground absorption and SNR
brightness; V. M. Kaspi 2000; S. Sett et al. 2021) can hinder
the detection of NSs still embedded within their SNR at optical
and radio wavelengths.

Robust NS velocities have typically been obtained using one
of two methods. In the first method, the SN explosion site—i.e.,
the NS’s birth site—is found via identifying numerous
individual SNR ejecta knots, measuring the motion of each,
and back-evolving them to a central location (R. A. Fesen et al.
2006; P. F. Winkler et al. 2009; J. Banovetz et al. 2021). The NS
velocity can then be estimated as the distance between the SNR
explosion site and the NS’s current location divided by the NS’s
age. Due to the difficulty of obtaining precise proper motions
for many knots, this technique has so far only been done for a
handful of NS—SNR systems. For example, although T. Tsuch-
ioka et al. (2021) back-evolved five ejecta knots to a central
location to conclude that the SNR G350.1—0.3 is about 655 yr
old, the exact center of the SNR has large error bars, in part due
to the unknown deceleration of each ejecta knot.

The second method is to measure the proper motion of the
NS directly. This technique is difficult due to NSs’ relatively
small proper motions (~0.03yr ' for a source 3kpc away
moving at a typical velocity 400 km s~ '; G. Hobbs et al. 2005).
At X-ray wavelengths, only Chandra has the spatial resolution
necessary for these measurements, and even then, a baseline of
210 yr is necessary. However, in order to obtain NS positions
that are accurate to better than Chandra’s ~0.5 astrometric
accuracy,4 the astrometric solution of each observation must
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be corrected by using multiple registration sources. So far, the
proper motion of ~8 NSs associated with SNRs exhibiting
significant thermal emission have been made (J. P. Halpern &
E. V. Gotthelf 2015; T. Temim et al. 2017; M. Mayer et al.
2020; M. G. F. Mayer & W. Becker 2021; X. Long et al. 2022;
T. Holland-Ashford et al. 2024), with another ~7 measure-
ments made for NSs associated with SNRS not exhibiting
thermal emission (A. Van Etten et al. 2012; J. P. Halpern &
E. V. Gotthelf 2015; P. Shternin et al. 2019; W. C. G. Ho et al.
2020; M. de Vries et al. 2021; S. A. Dzib & L. F. Rodriguez
2021). These studies were able to obtain total motion
uncertainties of 0705-0"2 corresponding to velocity uncertain-
ties of <250kms ™' over their 10-20 yr baselines. Although
most NS proper motion measurements are made using
Chandra, there have been a few measurements using radio
data (e.g., B. R. Zeiger et al. 2008; P. Shternin et al. 2019;
S. A. Dzib & L. F. Rodriguez 2021). However, none of these
sources have associated SNRs that are still dominated by
thermal emission from ejecta.

Finally, there are a few other methods of measuring NS
proper motions, although these are less reliable. In the
“geometric method,” the distance from the NS’s current location
to the center of an SNR’s X-ray or radio profile is measured and
then divided by the age of the SNR to obtain a velocity estimate
(e.g., R. Tiillmann et al. 2010). Velocities obtained this way
have large, unknown uncertainties as it is not guaranteed that the
geometrical center of the SNR matches with its true explosion
site, as SNRs can be highly asymmetric (e.g., L. A. Lopez et al.
2009a; T. Holland-Ashford et al. 2017). Alternatively, the pulsar
velocity can be estimated by relating it to the SNR shock
velocity or by solving for pressure equilibrium conditions
between any pulsar wind and the surrounding medium (e.g.,
D. A. Frail et al. 1996). However, similar to the geometric
method, both of these methods require additional assumptions
that introduce unknown errors to the final velocity estimate.

The SNR G18.9—1.1 (also known as G18.95—1.1; hereafter,
G18.9) is a ~5 kyr old SNR whose spectra can be well-fit by an
absorbed thermal plasma with Ny = (3—10) x 10 em™2 and
supersolar ejecta abundances (E. Fuerst et al. 1997; 1. M. Harrus
et al. 2004; A. M. Bykov et al. 2022). The X-ray emission from
G18.9 is clearly asymmetric, with the bulk of the ejecta
emission present in the southeast. It has a few different reported
distance estimates: 2.1 = 0.4 kpc (S. Ranasinghe et al. 2019),
1.8 £0.2kpc (S. S. Shan et al. 2018), 3.8 £ 0.4 kpc (X. Zhou
et al. 2023), and >2kpc (Y.-H. Lee et al. 2020). Throughout
this paper, we consider both d,; =2.1 kpc and d; g = 3.8 kpc.
The shorter distance favors an SNR age of ~5.5 kyr and lower
ionization timescales, while the larger distance favors a ~10 kyr
age and a plasma closer to collisional ionization equilibrium
(CIE); previous analysis of ROSAT and eROSITA data has
produced fits consistent with both scenarios (I. M. Harrus et al.
2004; A. M. Bykov et al. 2022). The identified NS (CXOU
J182913.1-125113) has a reported geometric velocity of
~700-960d, km s ! (R. Tiillmann et al. 2010).

In this paper, we measure the proper motion of the NS in
G18.9 using a baseline of 15yr between Chandra X-ray
observations. We correct the astrometry of the Chandra
observations using multiple reference Gaia sources in order
to obtain a robust measurement of the NS’s position at each
epoch. Finally, we compare the derived NS velocity to SNR
ejecta asymmetries to help place constraints on explosion
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processes and mechanisms responsible for generating the
NS kick.

Our paper is formatted as follows: In Section 2, we present the
Chandra observations used and the process of using reference
Gaia sources to correct their astrometry. In Section 3, we present
our NS proper motion measurement and its relation to bulk ejecta
motion in G18.9. In Section 4, we present our conclusions and
discuss future related work.

2. Observations and Data Analysis
2.1. Chandra Observations

The NS in G18.9 was observed with Chandra in 2009
September (ObsID: 10098; PI: Tuellmann) for 44.5ks.
Additional Chandra time was awarded in Cycle 24, and
observations were taken in 2024 July in two separate
observations: ObsID 26656 for 20.8 ks and ObsID 29478 for
23.2ks. This created a 15 yr baseline with which to measure
the NS’s motion.

2.2. Merging the 2024 Observations

First, we reprojected and merged the two 2024 observations
to make full use of the combined 44 ks observation time. We
used the CIAO tool wavdetect with keyword sig-
thresh=1e-4 to find faint sources in each observation, and
then manually selected 13 sources that were detected in both
observations, isolated from other sources, and circular (i.e., not
too smeared by off-axis point spread function, PSF). We then
solved for a transformation matrix to match the astrometric
solution of one observation to that of the other:

x"Y  (rcos —rsinf\[x Ax
(y’) B (r sinf  rcosf )(y) T (Ay)’ M

where (x,y) are input pixel coordinates of point sources, (x’,y’)
are the transformed coordinates, r represents a linear stretching
of the image, @ is rotation, and (Ax, Ay) represents horizontal
and vertical translational shifts in units of pixels. The rotation
is performed around the aimpoint of the observation, and all
parameters are allowed to vary freely in our fit.

To solve for the transformation matrix, we used a least
squares algorithm (Python function scipy.optimize.
least squares), weighting each point source by its
centroid uncertainty. Specifically, we used the “soft 117
loss function option (B. Triggs et al. 2000) that weighs outliers
with a linear rather than a quadratic penalty and produces more
accurate overall transformation (X. Long et al. 2022). Finally,
we used CIAO’s wcs_update tool to reproject the aspect
solution of the shorter observation (ObsID 26656: 20.8 ks) such
that it matched that of the longer observation (ObsID 29478:
23.3 ks), and then we merged the two observations using
merge obs. The best-fit parameters of this transformation
matrix were [r, 6, Ax, Ay]=[1.001, —0.038, —0.107, —2.06].

2.3. Astrometric Correction: 2009 and 2024

For correcting the astrometry of ObsID 10098 and of the
merged 2024 observation, we performed a similar process with
a few key differences.

(1) Due to the 15 yr baseline between the observations, we
needed to account for registration point sources’ proper
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Figure 1. Chandra images of the NS and surrounding region: ObsID 10098 on the left, and observation created from merging ObsID 26656 and 29478 on the right.
The NS is labeled in black, and the sources used for astrometric calibration are in either red (for sources detected in both epoch observations) or blue. All circles are

arbitrarily sized and do not reflect the point source centroid uncertainties.

Table 1
Registration Point Sources
Source Gaia DR3 R.A. Decl. 14,COSO s In Epoch In Epoch
Designation (deg) (deg) (mas yr— ") (mas yr ") 20097 20247
1 4152918609988039552 277.339892 —12.834033 —1.36 —1.88 y y
2 4152922488324001792 277.248815 —12.813883 —0.74 3.13 y y
3 4152897818027107328 277.248695 —12.883044 —1.24 —5.46 y y
4 4152897680588956160 277.202523 —12.880633 1.55 —0.75 y y
5 4152897994124153728 277.277209 —12.856119 2.23 —1.81 y n
6 4152897341308575104 277.234519 —12.908753 —0.44 —2.16 y n
7 4152897337000674176 277.234204 —12.909345 —0.33 —2.59 y n
8 4152894936126885376 277.275608 —12.883592 —0.03 —5.41 y n
9 4152898028483938304 277.233389 —12.871989 0.14 —2.66 y n
10 4152894004096161408 277.259090 —12.951885 —0.46 —0.31 y n
11 4152897891064389376 277.275270 —12.870741 6.40 —5.19 y n
12 4152918399511237504 277.324167 —12.867184 1.89 —1.55 y n
13 4152918365151486080 277.311691 —12.874713 —1.11 —3.12 n y
14 4152899024916423296 277.242836 —12.826857 1.01 —1.35 n y
15 4152921526251381504 277.323323 —12.832997 1.98 —1.736 n y
16 4152921461830603776 277.287004 —12.840980 0.38 —2.31 n y
17 4152898200282632960 277.259942 —12.846921 —0.73 —1.80 n y

motions of up to ~7 mas yr~ ', corresponding to total motions
of up to ~0.1 over the 15 yr baseline. When selecting sources
to use for astrometric correction, we restricted our sample to
those with a cospatial source identified in the Gaia DR3
catalog5 (Gaia Collaboration et al. 2016, 2023; C. Babusiaux
et al. 2023) that had reported proper motions. Figure 1 shows
the registration sources we used in each observation, and
Table 1 lists the corresponding Gaia designations, positions,
and measured sky motions.

(2) Instead of correcting the aspect solution of one
observation to that of the other, we instead corrected both
images to an absolute reference frame: that given by Gaia DR3
point source positions. We chose this method because we
identified 13 reference sources in ObsID 10098 and 9
registration sources in the merged 2024 observation, but only
4 of these were present in both epochs. Attempting to directly

> hitps:/ /www.cosmos.esa.int/web/gaia/dr3

match the observations would result in a loss of over half of
our registration sources.

(3) We accounted for the effects of PSF in obtaining point
source positions in Chandra observations, following the
methods of past papers (e.g., M. Mayer et al. 2020; X. Long
et al. 2022; T. Holland-Ashford et al. 2024—see Section 2.4 of
the latter paper for the detailed step-by-step (Process). We used
the CIAO Chandra Ray Tracer (ChaRT) tool” to generate event
files and PSFs for each point source, binning these event files
by 1/8 to better enable subpixel localization. Finally, we
followed the steps outlined in the “Accounting for PSF Effects
in 2D Image Fitting” CIAO Sherpa (P. Freeman et al. 2001)
thread” to fit the centroid of each point source. These positions
and their associated uncertainties are more accurate than
positions reported via wavdetect.

6
7
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Finally, for each Chandra observation, we solved for a
transformation matrix to correct its astrometry to that of the
true Gaia reference frame as in Section 2.2. After obtaining the
transformation matrix for each observation, we applied it to the
detected NS position in each observation to obtain the
astrometry-corrected NS positions. The best-fit parameters of
these transformation matrices were [r, 0, Ax, Ay] = [0.998,
0.00542, —0.352, —0.116] for the 2009 observation and
[1.000, —0.0231, —0.144, —3.400] for the merged 2024
observation.

2.4. Uncertainties on Final NS Positions

To obtain a final uncertainty term for the NS positions in
each epoch, we had to account for the following sources of
uncertainty: (1) the best-fit centroid uncertainty of the NS, (2)
the best-fit centroid uncertainties of all the registration sources,
and (3) the uncertainty associated with the transformation
matrix. Error term #1, the centroid uncertainty of the NS, is
output by the 2D-PSF fitting. Error term +#2, the total
registration source uncertainty, is found via inverse variance
weighting of the individual registration source centroid

uncertainties:
| 0.5
) . (2)

>N /oD

Error term #3, the uncertainty in the transformation matrix
(i.e., the accuracy of the astrometric correction) is equal to the
weighted average of the difference (d) between the “true” and
corrected registration source locations:

>N@/oh)
SN/

Both of the previous error terms are calculated using inverse
weighting because we weighed each registration source by its
uncertainty when solving for the transformation matrix. Thus,
the terms with smaller errors dominate, and all the error terms
combine to obtain a smaller uncertainty than any individual
registration source’s centroid uncertainty.

The total uncertainty in NS position at each epoch is
calculated by summing each of the above three error terms in
quadrature, for R.A. and decl. separately. We ignored the
uncertainties associated with the “true” Gaia source positions
(<0.001) as they were negligible compared to the detected
point source uncertainties (0°06-0'3) and astrometric correc-
tion accuracy (~0.015). We also ignored any uncertainties due
to the parallax difference between the registration sources and
the NS, as they are <0.0009 and thus negligible.

UPSS’ tOt = (

3)

ORes» tot =

2.5. Power Ratio Method

To quantify the asymmetry of the ejecta in G18.9—1.1, we
utilize the power ratio method (PRM; L. A. Lopez et al.
2009b), a multipole expansion technique used to quantitatively
characterize the multipole moments of SNR ejecta emission
(e.g., L. A. Lopez et al. 2009a; T. Holland-Ashford et al.
2020). The multipole powers P, of emission are divided by
the zeroth-order term Py to normalize PRM values and enable
direct comparison between objects of different fluxes. Each
multipole moment P,, reflects smaller and different measures
of asymmetry; P; (the dipole moment) reflects bulk ejecta
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motion, P, (quadrupole moment) reflects ellipticity, and P3
(octupole moment) reflects mirror asymmetry. We calculated
the power ratios using a ROSAT image (RP500040) of the
SNR, including 0.5-2.1 keV emission (dominated by emission
from shocked ejecta) and centered on the SNR explosion site
calculated by back-evolving the NS to its birth site. Both the
PRM and the NS velocity measured here are 2D measure-
ments, reflecting SNR asymmetry and NS velocity as projected
into the plane of the sky.

3. Proper Motion of the NS

We obtain proper motion measurements

p, cos§ = —10.0 + 6.7 mas yr~!

ps =22.6 + 6.8 mas yr—!

corresponding to a total proper motion of 24.7 + 6.8 mas yr '
at an angle of 336° + 16° east of north. Using the two possible
distance estimates of 2.1 4+ 0.4 and 3.8 £ 0.4 kpc, this proper
motion corresponds to transverse velocities of 246d, ; = 78 km
s 'and 445d5 g + 129 km s~ 1. Our measured direction of NS
motion matches the morphology of the pulsar’s elongated
pulsar wind nebula (PWN; R. Tillmann et al. 2010;
A. M. Bykov et al. 2022), which extends from the pulsar to
the southeast, indicating that the pulsar is moving to the NW
and will soon escape its PWN.

Finally, to obtain the most accurate NS kick velocity, we
accounted for Galactic rotation and the peculiar motion of the
Sun. We used a solar distance to the Galactic center of 8.2 kpc,
a solar peculiar velocity of v, = (8.0, 12.4, and 7.7) km s L
and a Galactic rotation speed vy gg of 236 km s~ with a flat
rotation curve at these distances (D. Kawata et al. 2019). We
found a correction of —0.21 (—0.60) mas yr7l in R.A. and
—2.02 (—1.98) mas yr_1 in decl. for a distance of 2.1 (3.8) kpc.
Thus, the transverse velocity of the NS in its local rest frame is
either 264d, ; + 78 kms ™' or 474d5 5 + 129 km s~ ' depending
on its distance.

3.1. NS Velocity versus Bulk Ejecta Motion

The 4400-6100 yr SNR age estimate of I. M. Harrus et al.
(2004) assumes a 2 kpc distance, and the derived SNR age
scales linearly with assumed distance. Thus, a distance of
2.1 kpc corresponds to an age of ~5.5 kyr (4600-6400 yr), and
a distance of 3.8kpc corresponds to an age estimate of
~10 kyr (8400-11,600 yr). If we back-evolve the NS motion
of 247 £ 6.8 mas yr ' for 5.5 and 10 kyr, we obtain total
angular distances traveled of 225 + 0.6 and 4.1 + 11,
respectively.

Figure 2 shows the back-evolved motion of the NS using both
the 5.5 and 10 kyr age estimates and accounting for the lo
uncertainty in kick direction. Currently, the NS is ~9.5 away
from G18.9’s center of 0.5-2.1 keV X-ray emission (reflecting
primarily shocked-heated ejecta) at an angle of 331° east of
north, consistent to within 1o with the direction of NS motion.

Based on the NS’s calculated proper motion, its birth site
is still multiple arcseconds NW from G18.9’s center of
0.5-2.1 keV X-ray emission (T. Holland-Ashford et al. 2017)
and its geometric center, defined as the center of the circle or
ellipse that approximately matches the SNR’s X-ray profile.
This remains true even if we assume the most extreme
conditions—the highest age estimate (11,600yr) and a
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Figure 2. A ROSAT 0.5-2.1 keV image (RP500040) of G18.9—1.1. The NS (purple) is moving with a proper motion of 24.7 mas yr~' angle of 336° east of north, as
indicated by the green arrow. The cyan and blue cones show the NS’s motion if back-evolved for 5.5 and 10.0 kyr (corresponding to distance estimates of 2.1 and
3.8 kpc, respectively). The black dotted cone represents the distance traveled, assuming the 90% confidence interval (CI) upper values for both SNR distance and NS

Ty
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geometric center of the SNR.

velocity on the edge of the 90% confidence interval (35.9 mas
yr~—corresponding to a total distance traveled of 7’.

Taken together, these findings show that the NS in G18.9 has
been kicked in a direction nearly opposite to the bulk of the
ejecta. This finding is consistent with the conclusions of past
papers that investigated the relationship between NS velocity
and ejecta motion (e.g., T. Holland-Ashford et al. 2017;
S. Katsuda et al. 2018). It provides further support for the
dominating theory that NSs are accelerated due to a conserva-
tion-of-momentum-like process with the ejecta: i.e., the
“Gravitational Tugboat Mechanism” of (A. Wongwathanarat
et al. 2013).

3.2. NS Velocity versus Ejecta Asymmetries

We then measured the 2D ejecta asymmetries of G18.9,
using the power ratio method centered at both NS birth sites
found via back-evolving the NS for 5.5kyr and 10kyr
(associated with distances of 2.1 and 3.8 kpc, respectively).
Figure 3, showing the multipole moments versus NS velocities
of other SNRs that have well-constrained NS velocities, was
taken from T. Holland-Ashford et al. (2017) and updated with
the results from this paper. Each plot shows a different power
ratio—reflecting the 2D dipole asymmetry (a proxy for bulk
motion), ellipticity, and mirror asymmetry of the SNR—
compared to the transverse velocity of the associated NS.

The power ratios measured in SNRs depend on the
observation angle, reaching maximum values if observed

is the 0.5-2.1 keV center of SNR emission and is a proxy for the ejecta’s center of mass, and the red triangle is an estimate of the

perpendicular to the SNR axis of symmetry and approaching
zero if viewed along the symmetry axis. As the observation
angle of SNRs can be difficult to estimate—requiring spatially
resolved Doppler analysis of the ejecta to create 3D SNR maps
—there can be significant uncertainty when comparing power
ratio values to parameters unaffected by viewing angle (e.g.,
explosion energy or magnetic field strength). However, as the
component of the NS velocity projected onto the plane of the
sky should be affected by the observation angle in the same
manner as power ratios, the comparison between projected
SNR ejecta moment distribution and transverse NS velocity
does not depend on the symmetry axis orientation.

As shown, G18.9 exhibits generally stronger levels of
asymmetry than other SNRs, although this difference is
smaller when using the farther 3.8 kpc distance. Given that
we have no other priors for favoring either SNR distance, we
suggest that the farther distance of 3.8 kpc and larger NS
velocity of ~474km s~ is slightly favored as the power ratios
using this distance are closer to that of the other remnants
analyzed in previous literature—particularly the more well-
studied SNRs of Cassiopeia A, G292.0+1.8, and Puppis A.
However, six remnants are a small sample, and so this
conclusion is tenuous.

3.3. NS Velocity and Progenitor Mass

Finally, we compared our NS velocity estimates with
Figure 1 from A. Burrows et al. (2024), who performed 3D
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Figure 3. The dipole (left), quadrupole (middle), and octupole (right) power ratios vs. neutron star velocities for the sample of SNRs with robust NS proper motions
investigated in T. Holland-Ashford et al. (2017), using the explosion site as the origin for analysis. Blue points indicate NS velocities from direct proper motion
measurements, while black points indicate NS velocities obtained from back-evolved filament motion (Cas A and G292.0+1.8). Circles indicate there is no evidence

Fra

of SNR interaction with circumstellar or interstellar material, and squares indicate clear evidence of interaction. The magenta diamond (red “x”) points assume a 2.1

(3.8) kpc distance to and a 5.5 (10.0) kyr age for SNR G18.9 and its associated NS.

simulations of CCSNe of various masses, including the effects
on NS kick velocities in their simulation. Although we do not
have any way of measuring the NS’s radial motion, we can
make a rough estimate by assuming its radial motion is equal
in magnitude to its motion in each of the orthogonal directions.

We multiply the measured 2D velocities by L; to obtain 3D

velocity estimates of ~323 or ~580kms™'. C:)%npared to their
results, these velocities are most consistent with progenitor
masses of 15-20 M. This range is consistent with the finding
that SNe G18.9’s explosion energy is within the standard
values for SN explosions (I. M. Harrus et al. 2004; A. Burrows
& D. Vartanyan 2021) and the progenitor estimate of
~15-20 M, made by A. M. Bykov et al. (2022) from ejecta
mass estimates using eROSITA data.

4. Conclusions

In this paper, we have measured the proper motion of the
NS CXOU J182913.1-125113 in the SNR G18.9—1.1 for the
first time using 15 yr of Chandra data. We accounted for PSF
effects to obtain the most accurate point source positions,
corrected the astrometry of both epochs’ observations using
registration Gaia sources, and accounted for Galactic rotation
and the peculiar motion of the Sun. We measured a proper
motion of (u, cos 0, p1s) = (—10.0 £ 6.7, 22.6 £ 6.8) for a total
proper motion =247 +6.8masyr ' at an angle of
336° + 16° east of north. Using the literature-reported distance
estimates of 2.1 £ 0.4 and 3.8 £ 0.4 kpc, this proper motion
corresponds to transverse velocities of 264d, ; =78 km s}
and 474d3 5+ 129 km s~ ', respectively. Based on multipole
analysis using the power ratio method, we slightly favor the
larger SNR distance and correspondingly faster NS velocity.
As this farther distance corresponds to an older SNR age, this
conclusion also favors the lower-temperature, CIE spectral fits
of A. M. Bykov et al. (2022) over their higher-temperature,
NETI fits.

Both of our velocity estimates fall within typical NS
velocities of a few hundred km s, well supported by various
other observations and simulations. In particular, the 90%
confidence intervals of our estimates are inconsistent with the
geometric velocity estimate of 700-960 km s~ ', providing
further evidence against using the geometric center of a
CCSNR as the NS’s birth site or SNR explosion site.
Additionally, the nearly 180° separation between the NS kick
and the direction of bulk ejecta motion provides further
support for the scenario where the NS is kicked due to

conservation-of-momentum-like forces between it and the SN
ejecta: a theory which has had growing theoretical and
observational evidence over the past decade (see, e.g.,
A. Wongwathanarat et al. 2013; T. Holland-Ashford et al.
2017; S. Katsuda et al. 2018; T. Holland-Ashford et al. 2020;
A. Burrows et al. 2024).

Future X-ray telescopes with high spatial resolution are vital
for continuing to constrain the velocities of young NSs. The
Chandra archive contains numerous observations of NSs going
back to 1999, so observations of NSs in the 2030s and 2040s
can provide 20-40yr baselines corresponding to total NS
motions of ~0.5-10". Thus, the proposed probe mission AXIS
and the potential future mission Lynx would easily be able to
measure NS motions. In particular, X-ray telescopes with
small off-axis PSFs will enable more robust detections of
registration point sources with which to better correct image
astrometry. Until that time, Chandra remains the only
instrument capable of measuring the proper motions of
neutron stars.
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