
In this study, we leverage integral field spectroscopy (IFS) to
spatially resolve the Hα velocity structure of three NS bow
shocks: J0742−2822, J1741−2054, and J2225+6535 (the
Guitar Nebula). The observations are described in Section 2.
The radial velocity profiles are used to constrain Ib/In, Wb, and
the shock inclinations (Section 3). We interpret our results in
the context of analogous shocks in SNRs in Section 4.

2. Observations

We observed J0742−2822, J1741−2054, and J2225+6535
with the Keck Cosmic Web Imager (KCWI) on the Keck II
Telescope on UT 2024 February 1 (J0742−2822) and UT 2024
July 12 (J1741−2054 and J2225+6535). All sources were
observed with the RH1 grating and medium slicer, covering a
field of view of 16. 5 by 20. 4 at resolutions of 0.25Å and
0. 7 , although seeing was typically 1.5–3 times larger (the
worst seeing was on 2024 July 12). Nine 600 s exposures were
obtained for J0742−2822 and J1741−2054, and eighteen 600 s
exposures were obtained for J2225+6535. Offset sky fields
were observed throughout each session in addition to flux
standards GD50 and G138−31.

Data were reduced using the KCWI Data Reduction Pipeline
(D. Neill et al. 2023),3 described in P. Morrissey et al. (2018).
Bias frames, internal flats, and dome flats were used to correct
the science images, and cosmic-ray rejection was performed
using the Laplacian edge detection algorithm described in
P. van Dokkum (2001). Continuum bars and arc lamps were
used to perform the geometry and wavelength calibrations. A
sky model was constructed from the offset fields, and sky
subtraction quality was verified using off-target regions. Flux
standards GD50 and G138−31 were used to perform absolute
flux calibration at an error level <4%. Individual flux
and wavelength calibrated exposures were combined using
drizzle (S. Gonzaga et al. 2012).

3. Results

Figure 1 shows our KCWI observations of the three bow
shocks, illustrating the evolution of the shock emission over
≈6559–6568Å, equivalent to radial velocities ≈−250 to
+150 km s−1 (the exact range shown differs by shock). The
spatial structure of the emission has a strong radial velocity
dependence: limb brightening, lobes, and rings are apparent at
different velocities and are indicative of changing conditions
across the apex, body, and tail of each shock. We interpret
these features using spectra averaged over different portions of
the shocks. Figure 2 shows the aperture-averaged velocity
profiles and the regions of the shocks they correspond to. These
regions were chosen to illustrate the highest signal-to-noise
ratio (S/N) narrow line detections and evolution of velocity
features from shock apex to tail. The narrow line is detected in
all three shocks. For J0742−2822 and J2225+6535, the narrow
line is barely detected just behind the shock apexes, whereas
for J1741−2054, the narrow line is detected across multiple
parts of the shock.

3.1. Interpretation of Radial Velocity Profiles

We model the velocity profiles as the sum of N Gaussian
components, where N is determined by the number of distinct
peaks in the velocity profile and validated through comparison
of the reduced χ2 to that obtained for a model with one less
component. The number of components required to explain
each profile depends on spatial location and in turn, whether the
faint narrow line is detected, which requires accurate sky
subtraction. When the narrow line is detected, we estimate Ib/In
using the best-fit amplitudes of the narrow and broad
components. We quote lower limits when the narrow line is
covered by fewer than four resolution elements, i.e., it is not
well separated from the broad-line emission. The interpretation
of Ib and In for bow shocks differs from the interpretation of
shocks in SNRs. In the case of bow shocks, which are

Figure 1. KCWI observations of three pulsar bow shocks, J0742−2822 (top), J1741−2054 (middle), and J2225+6535 (the Guitar Nebula; bottom). Images are shown
for 12 radial velocity bins centered around the peak shock emission; the spectra have been smoothed from the native resolution of 0.25 Å to show the large velocity
range (larger bins are used for the Guitar Nebula due to its wider extension to negative velocities). These slices are continuum subtracted using off-band portions of the
data cube; photospheric Hα absorption causes many stars to show negative residuals, centered on different low-velocity channels. Over-subtracted stars are shown by
the gray dashed circles and are masked in subsequent analysis. The white tick marks are 5″ apart; each image is about 13″ on a side (≈0.1, 0.02, and 0.04 pc on a side,
from top to bottom). The dynamic range of each image is normalized to its peak flux level in order to illustrate shock structure at the lowest and highest velocities.

3 https://pypi.org/project/kcwidrp/

2

The Astrophysical Journal Letters, 975:L31 (7pp), 2024 November 10 Ocker & Cosens


