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Abstract

Nonradiative shocks accelerate particles and heat astrophysical plasmas. While supernova remnants are the most
well-studied example, neutron star (NS) bow shocks are also nonradiative and Balmer dominated. NS bow shocks
are likely ubiquitous in the interstellar medium due to their large speeds imparted at birth, and they are thought to
be a discrete source population contributing to the Galactic cosmic-ray spectrum. To date, nine NS bow shocks
have been directly observed in Hα images. Most of these shocks have been characterized using narrowband Hα
imaging and slit spectroscopy, which do not resolve the multicomponent velocity structure of the shocks and their
spatial geometry. Here we present integral field spectroscopy of three NS bow shocks: J0742−2822, J1741−2054,
and J2225+6535 (the Guitar Nebula). We measure the shock properties simultaneously in four dimensions: the 2D
projected shock morphology, the radial velocity structure, and the Hα flux. The broad-to-narrow line ratio (Ib/In) is
inferred from radial velocity profiles, and for J1741−2054, the narrow line is detected in multiple regions of the
shock. The inferred line ratios and widths suggest that NS bow shocks represent a low-shock velocity regime
(V 200 km s−1) in which Ib/In is high, distinct from the shock regime probed by supernova remnants. Our results
illustrate a need for nonradiative shock models at velocities lower than previously considered, which will reveal the
electron–ion temperature ratios and particle acceleration efficiencies of these bow shocks.

Unified Astronomy Thesaurus concepts: Neutron stars (1108); Stellar bow shocks (1586); Shocks (2086);
Supernova remnants (1667); Cosmic rays (329)

1. Introduction

Optical imaging is the main method by which neutron star
(NS) bow shocks are detected and characterized, as these
shocks are nonradiative and chiefly emit in Hα (S. R. Kulkarni
& J. J. Hester 1988). The Hα emission arises from collisional
excitation and charge exchange of the interstellar medium
(ISM) where it confronts the pulsar wind. Only nine Hα-
emitting NS bow shocks are known, likely because most of the
NSs targeted in bow shock searches reside in regions of low
neutral gas fraction (S. Chatterjee & J. M. Cordes 2002;
S. Brownsberger & R. W. Romani 2014) and because optical
surveys are severely limited by extinction for NSs residing
deep in the Galactic plane. Nevertheless, many NSs are
expected to produce bow shocks because the majority have
transverse velocities larger than the fast magnetosonic speed of
the ISM (F. Verbunt et al. 2017).

NS bow shocks are one of the few observed analogs of
nonradiative, Balmer-dominated shocks in supernova remnants
(SNRs; K. Heng 2010). Similar to SNRs, these shocks are
expected to have a narrow Hα line component (width
∼10s km s−1) at the radial velocity of the ambient ISM arising
from collisional excitation of neutral hydrogen crossing the
shock interface, and a broad Hα line component (width
∼100s km s−1) arising from charge exchange between pre- and
postshock particles (K. Heng 2010). For bow shocks, these two
emission components give rise to a triple-peaked radial velocity
profile consisting of the narrow Hα line flanked by the blue-
and redshifted components of the broad line from the near and
far sides of the shock (R. W. Romani et al. 2022). The broad-

to-narrow line intensity ratio (Ib/In) and the broad-line width
(Wb) are sensitive diagnostics of the shock physics, including
electron–ion temperature equilibration (J. C. Raymond et al.
2023) and particle energy distributions (S. Nikolic et al. 2013).
Moreover, Ib/In and Wb constrain the physical velocity of the
shock, which, combined with proper motion measurements,
yield an independent distance estimate (M. van Adelsberg et al.
2008). While Ib/In and Wb are routinely constrained for SNRs
(e.g., J. C. Raymond et al. 2023 and references therein), there is
only one published measurement of Ib/In for an NS bow shock
to date (R. W. Romani et al. 2022).
Radial velocity profiles are also critical to resolving the

physical geometry of the shock, as 2D images only constrain
the shock in projection. The shock morphology is determined
by conditions for ram pressure balance between the pulsar wind
and the ISM (e.g., F. P. Wilkin 1996). Velocity profiles are
sensitive to the shock’s inclination relative to the plane of the
sky, which, combined with a model for the shock structure,
yields the physical shock standoff radius and the radial velocity
of the NS, which cannot be inferred from pulsar timing or radio
imaging (R. W. Romani et al. 2017, 2022; M. de Vries &
R. W. Romani 2020). The ram pressure conditions required to
explain observed NS bow shocks have been exploited to
characterize the energetics of pulsar winds (S. R. Kulkarni &
J. J. Hester 1988; J. M. Cordes et al. 1993; M. H. van Kerkwijk
& S. R. Kulkarni 2001) and their anisotropy (R. W. Romani
et al. 2010), pulsar distances and velocities (D. H. Jones et al.
2002; M. de Vries & R. W. Romani 2020), the NS moment of
inertia (R. W. Romani et al. 2017), and ISM density
fluctuations (S. Chatterjee & J. M. Cordes 2004; S. K. Ocker
et al. 2021). Most of these prior studies were based on
narrowband Hα imaging and slit spectroscopy, necessitating
model-based assumptions of the shock inclination angle and
subsequent constraints.
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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/
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essentially conical shells, the velocity profile traces the line of
sight through the shock viewed in projection. The observed
narrow line intensity is thus the sum of the In contributions
from both the near and far sides of the shock, both of which are
at the same ambient ISM velocity. We therefore estimate Ib/In
by taking the sum of the blue- and redshifted broad-line
amplitudes (Ib

blue, Ib
red) and dividing by the amplitude of the

narrow line:
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Interpretation of the broad-line width Wb is less straightfor-
ward because the apparent line width is a function of
inclination angle. When the shock is close to the plane of the
sky (i≈ 0°), the widths of the blue- and redshifted broad lines
(Wb

blue, Wb
red) should be roughly equal. For inclination angles

out of the plane of the sky, W Wb
blue

b
red> , while for inclination

angles into the plane of the sky, W Wb
blue

b
red< . The exact

dependence ofWb
blue andWb

red on inclination will depend on the
3D spatial morphology of the shock and hence will differ
depending on the shock standoff radius, the properties of the
pulsar wind (e.g., whether it is equatorial or not), and the ISM
density. Producing such 3D models for each shock is beyond
the scope of this Letter, but we nonetheless report empirical
constraints on the apparent line width to quantitatively illustrate
the velocity range of each shock.

Even in the absence of detailed shock models, we can place
constraints on the plausible range of inclination angles based
on the difference in velocity extrema of the blue- and redshifted
broad lines (Vblue, Vred). If we assume an axisymmetric shock,
then |Vblue|≈ |Vred| when the inclination relative to the plane of
the sky is i≈ 0°. When i< 0° (out of the plane of the sky),
|Vblue/Vred|> 1, whereas for i> 0° (into the plane of the sky),
|Vblue/Vred|< 1. We use the thin-shell approximation for an
isotropic stellar wind provided by F. P. Wilkin (1996) as a
starting point, noting caveats below. In this scenario, the
velocity tangent to the shock at the contact discontinuity is
given by F. P. Wilkin (1996) as
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where θ is the position angle along the shock measured relative
to the shock apex, v* is the ISM velocity, α= v*/vw is the ratio
of the ISM velocity to the stellar wind velocity (=1 for
relativistic pulsar winds), and w̃2 is given by

˜ ( ) ( )w 3 1 cot . 32 q q= -

We evaluate vt for a range of inclination angles and equivalent
θ and estimate the resulting ratio of Vblue/Vred. Here we
implicitly assume that the observed radial velocity depends on
θ in the same fashion as vt, normalized such that negative
inclination i corresponds to inclination out of the plane of the

Figure 2. Heliocentric radial velocity profiles for J0742−2822 (left), J1741−2054 (middle), and J2225+6535 (right). The upper panels illustrate the regions of each
shock used to calculate the aperture-averaged velocity profiles shown in the bottom panels, labeled (a, b, c, and d). The images in the upper panels are averaged over
the full velocity range of each shock, and the gray dashed circles indicate stars that are subsequently masked. The velocity profiles are each normalized to unity peak
flux and shown with an arbitrary offset so that specific velocity features can be compared. Error bars correspond to the standard deviation of flux within each region at
a given wavelength. Solid lines indicate the best-fit model for the velocity profile, which is treated as a sum of Gaussian components (Section 3).
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sky. Note that the dependence of vt on v* does not matter in this
context because we are only interested in the velocity ratio
between the near and far sides of the shock. Figure 3 shows
|Vblue/Vred| versus i for different values of α; for relativistic
pulsar winds, we use the limit α→ 0.

In general, the velocity of the Hα emission will not exactly
follow that of the contact discontinuity—e.g., N. Bucciantini
(2002) finds that while vt in the external layer where Hα
emission is produced (between the contact discontinuity and
forward shock) tends to track the velocity of the contact
discontinuity near the apex, vt in the external layer increases
more rapidly in the tail of the shock. The Wilkin model
assumes conservation of momentum (isothermal shocks),
whereas nonradiative shocks conserve energy and gas accel-
erates down the shock, leading to vt larger than in the
isothermal case. Anisotropy in the pulsar wind and density
variations in the ISM will further modify the velocity structure
of the shock from the simple form in Equation (2)
(F. P. Wilkin 2000; M. Vigelius et al. 2007). The inclination
angles given below should thus be regarded as fiducial
estimates to inform more detailed future modeling.

3.2. Individual Pulsar Results

Table 1 summarizes the quantitative constraints obtained
from the radial velocity profiles. Results relevant to each pulsar
are discussed below, along with information relevant to the
interpretation of each measurement.

3.3. J0742−2822

The shock emission of this pulsar is dominated by the
blueshifted broad line, which has a low-amplitude extension to
large negative velocities, suggesting that the shock is viewed at
substantial inclination out of the plane of the sky. A high
inclination angle would also explain the ring feature that
appears to move in velocity space to the right of the images
shown in Figure 1 (e.g., M. V. Barkov et al. 2020). The narrow
line is weakly detected in Region (b) of Figure 2. Due to its low
S/N (≈5), we report a lower limit on the broad-to-narrow line
ratio, Ib/In� 3.0± 0.5. Since we needed to average over a
large region to detect the narrow line, the resulting spectrum
covers a range of azimuthal angles, which broadens the
apparent line width.
Given the large asymmetry in the velocity profile, we place

an upper limit on Wb using the full width at half-maximum
(FWHM) of the blueshifted broad line, Wb 160 km s−1. To
estimate the velocity ratio between the blue- and redshifted
broad lines, we first correct for the ambient ISM radial velocity
measured from the narrow line. If we use the best-fit peaks of the
broad lines, then we find |Vblue/Vred|≈ 1. However, this
approach ignores the higher flux density of the blueshifted
broad line and its extension to large negative velocities. We
therefore calculate the integrated fluxes of the best-fit blue and
red broad lines as functions of wavelength. To capture the
velocity extrema, which are the most sensitive indicators of the
shock inclination, we then evaluate the wavelengths at which the
integrated fluxes of the blue- and redshifted lines reach 15% and
85% of their total values, respectively. Using this approach,
which accounts for the actual partitioning of flux between the
blue- and redshifted lines, we find Vblue= –141± 20 km s−1 and
Vred= 82± 13 km s−1, yielding a velocity ratio |Vblue/Vred|=
1.7± 0.4. For an axisymmetric shock and isotropic wind, this
ratio suggests an inclination angle −11° i−2° (see
Figure 3). This inclination is consistent with the previously
published upper limit of |i| 25° (D. H. Jones et al. 2002),
which was based on the projected surface brightness required to
see the shock in narrowband imaging.

3.4. J1741−2054

The overall morphology of this bow shock is highly
complex. At large radial velocities, the shock emission
stretches across two main lobes that are oriented perpendicular
to the pulsar proper motion, which cuts diagonally from the
upper left to bottom right of the images in Figure 1
(R. W. Romani et al. 2010). This two-lobed structure may
support previous interpretations of narrowband Hα images,
which found that the flatness of the shock apex was consistent
with an equatorial pulsar wind (R. W. Romani et al. 2010).
The narrow line is detected in three regions behind the shock

(a, b, and c). Using the best-fit amplitudes of the broad and
narrow components, we find Ib/In= 2.0± 0.1, 2.3± 0.2, and
2.2± 0.1 in Regions (a), (b), and (c), respectively. The radial
velocity of the narrow line shifts by <2 km s−1 between each
region (Table 1). Given these variations at the 1σ level, we find
that Ib/In is statistically consistent with being constant across
the shock.
We constrain the broad-line width using the FWHM

averaged across both the blue- and redshifted broad-line
components. We find Wb≈ 60 km s−1 and is consistent with
being constant across the three velocity profiles behind the

Figure 3. Ratio of blue- to redshifted broad-line radial velocity |Vblue/Vred| vs.
shock inclination angle. Negative angles correspond to inclination out of the
sky and positive angles into the sky. The horizontal lines and shaded regions
show inferred values and 1σ uncertainties of |Vblue/Vred| for J0742−2822
(blue), J1741−2054 (green), and J2225+6535 (purple). The expected velocity
ratio is estimated for an axisymmetric shock from an isotropic stellar wind
(F. P. Wilkin 1996), for different values of α = V*/Vw, the ratio of the ISM
velocity to stellar wind velocity. We constrain approximate ranges of
inclination angle for each shock using the limit α→ 0 (solid black curve), as
appropriate for a relativistic wind.
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shock apex (see Table 1). These widths are also consistent at
the 1σ level with the FWHM of the single broad component
detected at the shock apex in Region (d), which gives a width
of 63.90± 0.01 km s−1.

The high S/N and clear separation between the blue and red
sides of the velocity profiles shown in Figure 2 yield precise
constraints on |Vblue/Vred| shown in Table 1. For an axisym-
metric shock, the mean value |Vblue/Vred|= 1.34± 0.04
suggests an inclination angle −6° i−2°. An inclination
angle out of the plane of the sky is supported by the blue-
shifted broad-line width, which is up to 20 km s−1 wider than
the redshifted broad line. This estimate is smaller but
technically consistent with R. W. Romani et al. (2010), who
found i= –15° ± 10° based on the flatness of the shock apex
and velocity shifts in split spectra.

3.5. Guitar Nebula

Our observation of the Guitar Nebula was substantially
impacted by seeing, which blurs the shock’s undulating
morphology seen best in space-based images (S. Chatterjee &
J. M. Cordes 2002; S. Chatterjee et al. 2004; S. K. Ocker et al.
2021; M. de Vries et al. 2022). The narrow line is only detected
in Region (a) close to the shock apex. Farther down the shock
body, the narrow line blends with the redshifted broad line,
likely due to the shock inclination and the broad-line width
decreasing downstream from the shock apex. Given that seeing
was substantially larger than the shock standoff radius
(Table 1), the narrow line may include flux from preshock
ionization. We thus report a lower limit Ib/In� 3.1± 0.2.

The radial velocity profile is asymmetrically skewed negative,
again suggesting an inclination out of the plane of the sky. Given
this large skew, we report an upper limit on the broad-line width
from Region (a), Wb 150 km s−1, based on the FWHM of the
blueshifted broad line. We constrain |Vblue/Vred| in the same
manner as for J0742−2822 and J1741−2054, finding
|Vblue/Vred|= 1.9± 0.1 and −11° i−7°. This inclination
angle is larger than previous estimates because our data reveal a
more significant blueshift than previous IFS observations (M. de
Vries et al. 2022). Higher spatial-resolution IFS data (e.g., at
similar resolution to M. de Vries et al. 2022) covering a larger

portion of the shock could reveal concentric rings of Hα
emission where the shock is pinched, presumably due to ISM
density fluctuations (M. V. Barkov et al. 2020).

4. Discussion

The broad-line widths inferred above are all below the
smallest values included in state-of-the-art simulations of
nonradiative, Balmer-dominated shocks (e.g., P. Ghavamian
et al. 2001; M. van Adelsberg et al. 2008), implying that the
bow shocks fall into a low-shock velocity regime. This
conclusion is further compounded by the inferred inclination
angles, which suggest that the widths reported in Table 1 are
overestimates of the true, deprojected Wb.
Following R. W. Romani et al. (2022), we use the

relationship between Hα production efficiencies and Ib/In
modeled by K. Heng & R. McCray (2007) to estimate the

Table 1
Bow Shock Properties

PSR Region Ib/In Vn |Vblue/Vred| Wb μ Distance V psr
^ θBS References

(km s−1) (km s−1) (mas yr−1) (kpc) (km s−1) (arcsec)

J0742−2822 (b) �3.0 ± 0.5 52 ± 3 1.7 ± 0.4 160 29 ± 1 2.07a 287 1.4 (1, 2)

(a) 2.0 ± 0.1 23 ± 1 1.30 ± 0.05 62 ± 6
J1741−2054 (b) 2.3 ± 0.2 21 ± 1 1.39 ± 0.02 60 ± 9 109 ± 10 0.38a 197 2.3 (1, 3)

(c) 2.2 ± 0.1 23 ± 1 1.33 ± 0.03 58 ± 11

J2225 + 6535 (a) �3.1 ± 0.1 3.3 ± 1.1 1.9 ± 0.1 150 194.1 ± 0.3 0.831 765 0.096 (4, 5)

Note. The broad-to-narrow line ratio Ib/In is quoted as a lower limit when the narrow line S/N is low. The narrow-line radial velocity Vn is reported in the heliocentric
frame; for J0742−2822 and J1741−2054, the apparently substantial Vn is broadly consistent with Galactic differential rotation after correcting to the local standard of
rest. The broad-line velocity ratio |Vblue/Vred| is obtained by calculating the velocity extrema of the blue- and redshifted broad lines using the integrated flux of each
broad line (Section 3). The broad-line widthWb is reported as an upper limit when the blue- and redshifted broad lines are highly asymmetric and not well separated; in
all cases, Wb is based on the apparent FWHM of the broad line and does not account for the effect of inclination. Quantities on the right half of the table are drawn
from the literature. Pulsar transverse velocities (V psr

^ ) are estimated from the proper motion and distance. The projected angular standoff radius θBS corresponds to the
most recently published values and are based on differing shock models.
a Estimated from NE2001 (J. M. Cordes & T. J. W. Lazio 2002).
References. (1) S. Brownsberger & R. W. Romani (2014); (2)M. Bailes et al. (1990); (3) K. Auchettl et al. (2015); (4)M. de Vries et al. (2022); (5) A. T. Deller et al. (2019).

Figure 4. Broad-to-narrow line ratio (Ib/In) vs. effective shock velocity for
both SNRs (blue) and NS bow shocks (orange). SNR constraints are from the
recent literature compilation of J. C. Raymond et al. (2023), and orange points
indicate values inferred for the three NS bow shocks in this study and one bow
shock from R. W. Romani et al. (2022). All four bow shocks appear to have
velocities below the SNR radiative transition, which is shown by the gray
dashed line for a nominal energy E = 1051 erg and density n = 1 cm−3

(J. M. Blondin et al. 1998).
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effective shock velocity vs. Figure 4 shows Ib/In versus vs for
the three NS bow shocks observed with KCWI and the one
other NS bow shock with a detection of both broad and narrow
lines, J1959+2048 (R. W. Romani et al. 2022). For J1741
−2054, Ib/In≈ 2, and we find vs≈ 200 km s−1. The pulsar
proper motion and estimated distance give a transverse velocity
of 197 km s−1, which is broadly consistent with the effective
shock velocity. The limits on Ib/In for J0742−2822 and the
Guitar Nebula similarly yield low velocities (vs 160 km s−1).
Published nonradiative models do not treat this low-velocity
regime because SNR shocks become radiative at a transition
velocity / /V E n260 km strans 51

1 17 2 17 1» - , where E51 is energy in
units of 1051 erg and n is density in units of per cubic
centimeter (J. M. Blondin et al. 1998). Below this transition
velocity, hydrogen is ionized before it reaches the SNR shock,
and the broad-to-narrow Hα line diagnostic cannot be
measured. The closest available shock model is P. Ghavamian
et al. (2001), which models the dependence of Ib/In on
electron–ion equilibration for the lowest shock velocity
vs≈ 250 km s−1. Naively applying this model to the Ib/In
inferred here would yield electron–ion temperature ratios
β= Te/Tp 0.05, dramatically smaller than values expected
for SNRs, which follow a well-established trend in which β
declines with shock velocity (P. Ghavamian et al. 2013;
J. C. Raymond et al. 2023). This discrepancy may be
reconciled in part if bow shocks correspond to lower
temperatures than SNRs because Ib/In depends on the relative
rates of charge transfer (which varies slowly with shock speed)
and collisional excitation (which will be smaller for lower
temperatures). Additionally, P. Ghavamian et al. (2001) assume
that no Lyβ is converted to Hα, which may not be true for
small broad-line widths. Allowing for Lyβ conversion could
further increase Ib/In from the P. Ghavamian et al. (2001)
predictions. Accounting for all of these effects, in addition to
the potential role of Coulomb collisions, will be critical to
accurately determine β for the bow shock properties we infer.

Our results illustrate a strong need for both nonradiative
shock simulations at low velocities (200 km s−1) and high-
resolution IFS observations of the full NS bow shock sample in
order to establish whether these sources represent a distinct
regime of β and vs from SNRs. The electron–ion temperature
ratio is a fundamental diagnostic of nonthermal electron
acceleration and of the degree to which plasma turbulence
transfers energy between ions and electrons. In SNRs, the
decrease in β with higher vs has been interpreted in the context
of diffusive shock acceleration as a decline in electron injection
efficiency with increasing shock speed (G. Morlino &
S. Celli 2021), which can ultimately contribute to the differing
slopes of observed cosmic-ray electron and proton spectra
(M. Aguilar et al. 2019a, 2019b).

Pulsar wind nebulae (PWNe) play a critical role in cosmic-
ray acceleration across a broad energy range (10s Gev–TeV).
They are commonly invoked to explain the local positron
excess (A. U. Abeysekara et al. 2017; A. E. Petrov et al. 2020;
M. Di Mauro et al. 2021; L. Orusa et al. 2021). The role of
discrete sources in observed cosmic-ray spectra continues to be
a topic of debate (e.g., I. S. Butsky et al. 2024), with NSs
serving as one of the main source populations of interest (e.g.,
J. Thaler et al. 2023). PWNe with bow shocks represent an
important subset of NSs’ contribution to the cosmic-ray
spectrum, as reacceleration of ultrarelativistic particles at the
bow shock interface can contribute a significant fraction of

positrons detected at 10s GeV (A. M. Bykov et al. 2017).
While the escape of these particles can be directly traced
through UV and X-ray observations (B. Rangelov et al. 2017;
M. de Vries & R. W. Romani 2022), the Hα velocity structure
offers a critical additional handle on the underlying physics,
not only by resolving the 3D geometry of the wind and shock,
but also by constraining the conditions for electron–proton
equilibration and, with sufficient resolution, the underlying
particle distributions. Further expanding IFS observations
to the tails of these shocks may additionally constrain the
role of mass-loading in shaping these shocks’ larger-scale,
undulating morphologies, the source of which remains debated
(G. Morlino et al. 2015).
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