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ABSTRACT

Various existing models of the Gum Nebula differ significantly in their parameters and suggested origins, which can be
independently tested for consistency with data on some key observables of pulsars in the direction of the nebula. Our
analysis of such data on the Vela pulsar, assuming a dominant scattering region in its foreground, suggests that the
fractional distance of the scatterer is 0.89 £ 0.01, and for the given distance of the Vela pulsar, it translates to 254 + 16
pc. Using independent distances of 10 pulsars, we suggest a refined description of the Gum Nebula electron density model
with its basic morphology similar to that used in the YMW16 model, which now provides better estimates of pulsar
distances in these directions. In our new Gum Nebula model, as expected, the Vela pulsar would be behind the frontal
edge of the Gum shell, which was intriguingly located in front of the nebula in the YMW16 model. We also present a new
technique to better constrain the pulsar distances using their dispersion measure and temporal broadening simultaneously,
and find that it is less affected by the uncertainties in the Galactic electron density distribution models. Notably, the
new approach shows that the expected temporal broadening as a function of trial distance does not follow a monotonic
increasing trend, but instead exhibits oscillations at regions of enhanced electron density. This behaviour is expected, as
the method employs the integral form of temporal broadening with the appropriate weighting kernel, leading to more

reliable estimates.

Key words: stars: distances - pulsars: general - ISM: supernova remnants.

1 INTRODUCTION

C. S. Gum (1952) discovered the largest optical structure in the
Southern hemisphere, a nebula with an angular extent of about
20°, centred around G226—8. The nebula is possibly ionized by
ultraviolet radiation from y2 Velorum' and ¢ Puppis.? Early spec-
tral line studies have suggested that the Gum Nebula is an evolved
Stromgren sphere powered by these two stars, although with
differing estimates of the nebular parameters (K. P. Beuermann
1973; R. J. Reynolds 1976a; A. Chanot & J. P. Sivan 1983). Al-
ternative formation channels of the nebula have also been put
forward. J. C. Brandt et al. (1971) and J. K. Alexander et al. (1971)
argued that the nebula is extremely hot (254 000 K), which re-
quires a non-stellar source of excitation. They proposed that the
Vela supernova had created the nebula, and described it as a
‘fossil Stromgren sphere’, a relic ionized shell now cooling and
recombining since the ionization source is no longer present.

* E-mail: kalyanaastro@gmail.com

1y Velorum is a quadruple system in the Vela constellation, consisting
of two binary pairs: ! (a blue giant and its fainter companion) and y?
Velorum (a Wolf-Rayet star and a blue supergiant).

2¢ Puppis is a massive O-type blue supergiant.

© The Author(s) 2026.

Other studies instead attributed the nebula’s origin to a super-
nova explosion (either Vela or the former companion of ¢ Pup-
pis), with its current ionization provided by y? Velorum and ¢
Puppis (R. J. Reynolds 1976b; B. Woermann, M. J. Gaylard & R.
Otrupcek 2001). R. J. Reynolds (1976b) proposed that the stellar
wind from ¢ Puppis could be sufficient to ionize the nebula, an
idea later supported by theoretical work on wind-blown bubbles
by R. Weaver et al. (1977). E. M. Reynoso & G. M. Dubner (1997)
suggested that multiple supernova explosions could also account
for the nebula, compressing the gas into giant shells with a radius
of hundreds of parsecs. The nebular parameters suggested by
the aforementioned studies are consistent with their respective
proposed origin.

The Gum Nebula exhibits a complex structure, encompassing
numerous cometary globules (W. J. Zealey et al. 1983) as well as
the prominent IRAS (Infrared Astronomical Satellite) Vela Shell
(IVS; M. S. Sahu & K. C. Sahu 1993; B. A. Gao et al. 2025). The
physical association of the IVS with the Gum Nebula has been
debated for decades, but recent 3D dust-mapping by B. A. Gao
et al. (2025) has established that the IVS is indeed an integral
component of the nebula. Their analysis, combining Gaia and
Hipparcos astrometry, further indicates that the massive stars y?
Velorum and ¢ Puppis lie within the IVS and are the dominant
sources driving its ionization. C. R. Purcell et al. (2015) have
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studied the Gum Nebula region using the radio polarization data
from the Very Large Array and the S-band Parkes All-Sky Survey,
together with H & images from the Southern H-Alpha Sky Survey
Atlas, and have provided the updated physical parameters and
properties of the Gum Nebula. They have modelled the nebula as
a spherical shell of uniform electron density and have obtained
an average electron density of 1.3 & 0.4 cm~3, an angular radius
of 22.7° £0.1°, a shell thickness of 18.571-3 pc, and an ambient
magnetic field strength of 3.9733 uG.

Pulsar observables provide a tool to study the interstellar
medium (ISM) and such discrete nebular structures. The ionized
ISM introduces a frequency-dependent delay to the pulsar sig-
nals, which is characterized by the dispersion measure (DM). It
represents the electron column density between the observer and
the pulsar (DM = fOD n.dz). In addition to dispersion, the inho-
mogeneous ISM scatters the pulsar signals, leading to multipath
propagation that gives rise to scintillation and other observable ef-
fects, like pulse broadening, angular broadening, etc. Particularly,
the studies of the pulsars in or behind the Gum Nebula region
have shown enhanced DM and scattering, as well as variations in
scattering across the nebula (D. Mitra & R. Ramachandran 2001).
Noting this, almost all of the Galactic Electron Density Models
(GEDMs) include explicit contributions to the electron density
distribution associated with the Gum Nebula. Many of these Gum
Nebula Electron Density (GNED) models are motivated by some
of the aforementioned mechanisms of the nebula origin. The
correctness of these models and the parameters can be assessed
effectively by using data on pulsars towards the nebula. More
specifically, the model prediction of the DM-based distances and
scatter broadening can be compared with those measured. For-
tunately, independent distance estimates are available for some
of the pulsars in these directions. The independent distance es-
timates are typically derived from parallax measurements (A. T.
Deller et al. 2019; M. J. Rioja & R. Dodson 2020; A. Kumar et al.
2025), associations with globular clusters or supernova remnants
(S. R. Kulkarni et al. 1993), and kinematic distances based on
21 cm HT absorption in pulsar spectra combined with Galactic
rotation models (S. Johnston et al. 1996).

In several directions across the sky, the ISM exhibits enhanced
electron densities that are concentrated in localized regions, such
as the Gum Nebula shell. Such regions along the line of sight in-
variably manifest as discrete scattering screens or dominant scat-
terers. In specific cases, it is possible to constrain the relative dis-
tance of a discrete dominant scatterer for a pulsar, if any, utilizing
a technique introduced by A. A. Deshpande & R. Ramachandran
(1998), where estimates of certain required scintillation parame-
ters and proper motion are available. Using such data available for
the Vela pulsar and its precise parallax-based distance (R. Dodson
et al. 2003), it has now become possible to estimate the distance to
the dominant scatterer for the Vela pulsar. Since the Vela pulsar is
believed to be a part of the Gum Nebula, as suggested by several
studies (D. C. Backer 1974; F. Kirsten et al. 2019), and therefore,
the distance to the frontal edge of the nebula can be inferred. This,
in turn, provides constraints on the size of the nebula relevant to
the DM and scintillation parameters of the pulsars towards the
nebula. Further, the comparison of independently determined
distances for ten pulsars with those predicted by GEDMs (based
on DM) has provided a critical assessment of the Gum Nebula
contribution in the respective models. The nebula component
in the YMWI16 model, in comparison with other models, pro-
vides better consistency between predicted and independently
estimated distances for pulsars towards this region. However,
we have found that significant distance improvement is possi-

MNRAS 546, 1-10 (2026)

ble due to the refinement of parameters characterizing nebula
contribution.

In the following, Section 2 describes the details of our analysis
of the data on the Vela pulsar to constrain the distance of the
frontal edge of the Gum Nebula. Section 3 presents the com-
parison of GEDMs and our improved model parameters for the
Gum Nebula. A new method is explored to better constrain the
pulsar distances using their DM and temporal broadening, and
is presented in Section 4. Section 5 contains a summary of our
results, discussion, and conclusion.

2 FRONTAL EDGE OF THE GUM NEBULA

In view of the range of suggestions for the Gum Nebula parame-
ters, we explore the possibility of using the Vela pulsar observ-
ables to independently constrain the distance to the scattering
screen rendered by the Gum Nebula shell. More specifically, to
estimate the distance to the frontal edge of the Gum Nebula,
we have used the A. A. Deshpande & R. Ramachandran (1998)
technique, which has been demonstrated to estimate the distance
to the pulsar. This technique has been motivated by the work of
C.R. Gwinn, N. Bartel & J. M. Cordes (1993), where they assume
a two-component model for the scattering medium consisting
of a uniform component plus a thin discrete scattering screen.
The technique uses the measurements of angular broadening,
temporal broadening, scintillation time-scale, and proper motion
of pulsars to estimate both the location of the dominant scatter-
ing screen and the scattering strength factor (ratio of the mean
scattering rate in a discrete thin screen to uniform distribution)
along the line of sight. The angular broadening (6y; C. Alcock &
S. Hatchett 1978; R. Blandford & R. Narayan 1985) and temporal
broadening (zy; R. Blandford & R. Narayan 1985) for a source at
distance D are given by

0 = = Dzztll(z)dz 1)
=5 /. i
D
=55 ) 2D — )Y (z)dz, @)

where 1/(z) represents the mean scattering rate per unit length,
and c is the speed of light. C. R. Gwinn et al. (1993) have uti-
lized the ratio of the observed angular broadening (6y) to that
estimated from the measured temporal broadening:

4cTye
0, = [4In(2 .
n( )( D >

A. A. Deshpande & R. Ramachandran (1998) extended this ap-
proach by also incorporating the ratio of the measured trans-
verse proper motion velocity (Vpy) to that inferred from temporal
broadening and the diffractive scintillation time-scale (¢4; ratio
of the coherence length-scale to effective traverse velocity of the
pulsar)

> Dc

Viss =

—
AT 2T 502

where v is the observing frequency. By solving equations (1) and
(2) and using the above-mentioned ratios (angular broadening
values ratio, ry and transverse velocities ratio, r,), A. A. Desh-
pande & R. Ramachandran (1998) derived the following expres-
sion to estimate the pulsar distance:

D*r2r2(2x — 3x®) + Dr22x — 1)+ (3x — 1)(x — 1) = 0, 3)

where x = d;/D is the fractional distance to the dominant scat-
terer, and d; is the physical distance of the scatterer.
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Table 1. List of observable parameters of the Vela pulsar.

Pulsar RAZ Dec.? Ha? ws? D? Avgc? Taieed 0P
(hms) (dms) (masyr1) (masyr1) (pc) (kHz) ) (mas)
J0835—4510  08:35:20.61149(2)  —45:10:34.8751(3)  —49.68+0.06  29.9+0.1 287719 68+5 15 1.6+02

@) R. Dodson et al. (2003). ® K. M. Desai et al. (1992). Avg represents the half-width at half-maximum of the autocorrelation function of the pulsar
dynamic spectrum along the frequency axis (t = 0), ty;s is the half-width at the 1/e power level along the time axis (v = 0), and 6y denotes the full width
at half maximum of the scattering disc size.
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Figure 1. Left: Both roots of the quadratic equation (3) are plotted (dashed and dashed-dotted lines) as a function of the fractional scatterer distance.
The solid line corresponds to a fixed scatterer distance of 254 pc (D = d,/x). The physical solution for the fractional scatterer distance is given by the
intersection of these two curves (solid and dashed-dotted) at x = 0.89. The other root (dashed line) yields unrealistic distance estimates for a range of
fractional scatterer distance values. Right: The variation of Ry and Ry with the fractional scatterer distance and scattering strength factor (Y) is shown. The
solid lines/curves starting from top left correspond to different Y values (infinity, 20, 4, 1, 0) in that order. For reference, the dashed lines/curves starting
from the horizontal line in the right half of the figure (for x= 0), and going counter-clockwise correspond to increasing values of x. The measured values
for the Vela pulsar are indicated by a data point with associated uncertainties, corresponding to g = 0.49 kpc~/? and ry, = 0.95 kpc~1/2. The estimated

fractional scatterer distance and scattering strength factor for the Vela pulsar are 0.89 + 0.01, 384, respectively.

However, the method requires knowledge of the distance to the
dominant scatterer to translate the fractional scatterer distance to
the physical distance of the pulsar. This technique can be inverted
to estimate the distance to the dominant scatterer in the line of
sight of the pulsar whose independent distance is known. We
apply this technique to the Vela pulsar to estimate the distance
to the frontal edge of the Gum Nebula. The required aforemen-
tioned observables of the Vela pulsar are listed in Table 1. M. A.
Krishnakumar et al. (2015) have provided the refined temporal
broadening value for the Vela pulsar at 327 MHz, which agree
within 1o 3 with that of the K. M. Desai et al. (1992) estimates
at 2.3 GHz, assuming a spectral index of « = —4 in the scaling
relation 7. o« v* (R. W. Romani, R. Narayan & R. Blandford 1986)
and the relation 277 Avg. 7 ~ 1 (J. M. Cordes & B. J. Rickett 1998).
However, it is worth noting that these two temporal broadening
estimates would deviate from each other by ~8¢ if « is to be
—4.4. To avoid such frequency dependence, we adopt the tempo-
ral broadening estimates of K. M. Desai et al. (1992) in the anal-
ysis, since the same study also provides the other two required
observables, 0y, tgif, at the same frequency.

Using parameter values listed in Table 1 and equation (3), we
have estimated the fractional scatterer distance to be 0.89 4 0.01,

3The sigma is the quadratic sum of both measurements uncertainties, the
same convention is used throughout the paper.

which translates to the scatterer distance of 254 + 16 pc for the
given Vela pulsar distance of 2877} (R. Dodson et al. 2003). The
other root of the quadratic equation (3) translates to unrealistic
distance estimates, as can be seen in Fig. 1. The uncertainty in
fractional scatterer distance (x) is computed using a Monte Carlo
approach with 100 000 samples. For each contributing parameter
(D, 6y, Tsc, taist, and proper motion), random samples have been
drawn from normal distributions that have a mean value and
standard deviation equal to those in the respective parameters.
For each sample, the fractional scatterer distance is computed,
and the 1o error bar is determined using the 16th and 84th
percentiles values of the distribution. Our estimated fractional
scatterer distance differs by approximately 20 from the value
reported by K. M. Desai et al. (1992), which likely arises from their
assumed Vela pulsar distance of 500 & 100 pc (D. A. Frail & J. M.
Weisberg 1990).

The Vela pulsar is well known to be associated with the Gum
Nebula, whose frontal edge is most likely the dominant contribu-
tor to the Vela pulsar scattering (D. C. Backer 1974; F. Kirsten et al.
2019; R. Wang et al. 2025). If indeed so, our estimated distance to
the dominant scatterer for the Vela pulsar implies the Gum Neb-
ula radius of 196 & 16 pc, corresponding to an angular radius of
24° + 2°, which agrees within 1 o of the C. R. Purcell et al. (2015)
estimate. Here, as per C. R. Purcell et al. (2015) study, we have
assumed that the Gum Nebula is spherical, centred at (I = 261°,
b = —2.5°; B. Woermann et al. 2001) with a distance of 450 pc.

MNRAS 546, 1-10 (2026)
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Table 2. Parameters and component(s) of the Gum Nebula model used in NE2001, YMW16, and GUM25 (this work). The nebular parameters
include three-dimensional centre coordinates (columns 5-7), shell thickness (column 4), and size (columns 8-9) of the component(s). The associ-
ated electron density of the respective component is listed in column 10. The final column presents the chi-square values, defined based on pulsar
distances (Zilgl((Dineasmed — DL )0k acured)?) Which are mentioned in Table 3.

Model Component Shape WeN l b DgN Kgn AGN NGN, X 2
(pe) (deg) (deg) (pe) (pc) (em™3)
NE2001 Gum1 Spherical - 260.00 —1.00 500 1 140 0.39 209
Gum I1 Spherical - 262.80 2.70 500 1 30 0.47 -
Velalras Spherical - 263.25 -9 250 1 40 3.37 -
Gum 111 (void) Spherical - 278.5 —0.6 500 1 20 0.5 -
YMW16 Gum Ellipsoidal 15.1 264 —4 450 1.4 125.8 1.84 28
GUM25 Gum Ellipsoidal 32.6 264.2 —2.63 341 1.3 78.3 0.82 ~5

R. Wang et al. (2025) have estimated the distance to the domi-
nant scatterer for PSR B0740-28 to be 24575 pc, based on mea-
surements of interstellar scintillation speed. They assumed the
Gum Nebula is centred on G258-2 at 350 pc, with its frontal edge
at approximately 240 pc, which is consistent with their inferred
scatterer distance for B0740-28. Using the same Gum Nebula
parameters (3D centre coordinates), the scatterer distance for the
Vela pulsar places the nebula’s frontal edge at 250 =+ 15 pc, which
agrees within the uncertainties with their estimate of frontal edge
distance.

For completeness, we have checked if any imprint of the Gum
Nebula is apparent in the Gaia data by examining Gaia sources
in the 80° x 80° region around the nebula centre, such as any
source density enhancement in the Gum Nebula shell. How-
ever, no such enhancement is apparent, and in fact, compared
to the centre, the source density slightly falls towards the shell.
Although any possible causal connection between this fall and
the presence of the Gum Nebula shell is unclear, the delineation
of the boundary of this region (as well as the assumed centre) is
consistent with the scale of this fall in Gaia source density.

Several studies have shown that H1I regions along pulsar sight
lines can significantly affect observables such as dispersion, scat-
tering, and rotation measures, and have even been used to iden-
tify and study such regions directly (D. Mitra et al. 2003; L.
Harvey-Smith, G. J. Madsen & B. M. Gaensler 2011; S. K. Ocker
et al. 2024b). In particular, scattering due to discrete H II regions
has been explicitly assessed by several studies (S. K. Ocker, J. M.
Cordes & S. Chatterjee 2020; G. Mall et al. 2022; S. K. Ocker et al.
2024a). Motivated by these studies, we examined Gaia sources
within a 20° x 20° region centred on the Vela pulsar to search for
hot O/B-type stars whose Stromgren spheres might contribute to
discrete density enhancements (A. J. R. Prentice & D. Ter Haar
1969). No such stars were found in close proximity to the line of
sight, reinforcing the conclusion that the frontal edge of the Gum
Nebula itself is the primary scattering screen for the Vela pulsar.

3 GEDMS COMPARISON AND REFINEMENTS

GEDMs are primarily constructed from our understanding of the
electron density distribution of our galaxy, which can be from
pulsar DM, spectral line observations, H « surveys, etc. However,
accurately measuring the parameters describing these models
remains a challenge. Observables of the pulsars play a key role
in refining and constraining GEDMs. Two of the most widely
used GEDMs till now are NE2001 (J. M. Cordes & T. J. W. Lazio
2002) and YMW16 (J. M. Yao, R. N. Manchester & N. Wang 2017),
which are essential for estimating the distances of pulsars and fast
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radio bursts and for describing the properties of the ISM. These
models include the Gum Nebula as a separate electron density-
enhanced region. The component(s) of the Gum Nebula used by
these models and their respective parameters are shown in Table
2. The NE2001 model assumes the nebula to be a spherical region
with an angular radius of ~30°. It also includes two electron den-
sity enhanced spherical regions (clumps) and one electron deficit
region (void) to match the measured pulsar observables to those
predicted by the model in these directions; for more details, see
J. M. Cordes & T. J. W. Lazio (2002). While based on the current
understanding of the Gum Nebula (B. Woermann et al. 2001; C.
R. Purcell et al. 2015), J. M. Yao et al. (2017) have modelled nebula
as an ellipsoidal shell,

X — X 2 — 2 — 2
( GN) +<y yGN) +(Z ZGN) =1, 4)
Agn Acn KonAon

where (xgn, Yon, Zon) are the galactocentric Cartesian coordi-
nates of the nebula centre,* Kgy is the ratio of the z axis dimen-
sion to that of the x-y plane, and Agy is the radius of the shell
in the x-y plane. The assumed excess electron density in the shell
has a Gaussian profile with 1/e half-width Wgy

2
s
ngN = NgN, €Xp |:— <WGiN) i| , Q)
GN

where sy is the perpendicular distance to the mid-point of the
ellipsoidal shell (for more details, see J. M. Yao et al. 2017).

The reliability of these models can be assessed by comparing
model-predicted and independently measured pulsar observables
(J. M. Yao et al. 2017; D. C. Price, C. Flynn & A. Deller 2021).
Comparing DM-based distances with independent estimates of
distances, we have examined the Gum Nebula electron density
models within these GEDMs. The temporal broadening values of
the pulsars are not considered in the analysis since the model-
predicted temporal broadening values show a huge deviation
from that of the measured values (Fig. 2), which is a clear indi-
cation that the DM??2 model (R. Ramachandran et al. 1997; M. A.
Krishnakumar et al. 2015) is not a good estimator for temporal
broadening of pulsars in these directions, as well as in general,
the temporal broadening does not simply follow the DM? (8 > 1)
but also depends on the fractional distances to the scatterers (as
discussed in Section 4).

“It is a right-handed coordinate system centred at the Galactic Centre,
with the x-axis parallel with I = 90° and the y-axis withl = 180°, where
(I, b) represent the standard Sun-centred Galactic coordinates. The Sun
islocated at(x = 0, y = 8300 pc, z = 6.2 pc).
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Figure 2. The plot shows a comparison between the model-predicted
and measured temporal broadening values of the pulsars in the direction
of the Gum Nebula at 1 GHz. The measured temporal broadening values
are scaled to 1 GHz using the frequency scaling spectral index, « = —4.
Data points lying close to the solid line (one-to-one relation line; y = x)
show smaller deviations from the model predictions.

On average, the YMW16 model provides more accurate DM-
based pulsar distance estimates compared to the NE2001 model
(Table 3). However, surprisingly, the Vela pulsar location is im-
plied to be in front of the Gum Nebula model within YMW16
(Fig. 3). The Vela pulsar location has long been discussed, and
the broad consensus is that the Vela pulsar is a part of the Gum
Nebula, where the nebular shell is likely the dominant scatterer
(D. C. Backer 1974; F. Kirsten et al. 2019). The source of such
a discrepancy is unclear. Particularly for the Vela pulsar, the
YMW16 model underestimates the electron density or overes-
timates its distance. Recognition of such issues has prompted
us to revisit the model and to refine the Gum Nebula model
within YMW16 by adjusting all relevant nebular parameters

Distance (pc)

Figure 3. The plot illustrates the electron density profile along the line
of sight to the Vela pulsar. The dotted vertical line marks the location
of the Vela pulsar. The first peak, around 100 pc, corresponds to the
electron density enhancement in the Local Bubble, followed by two
peaks associated with the Gum Nebula. In the YMW16 model (dashed
line), the Vela pulsar appears in the foreground of the Gum Nebula
shell, whereas in the NE2001 (dashed-dotted line) and modified model
(GUM25; solid line), it is positioned just behind the frontal edge of the
nebula.

while constraining the Agy using the information on the dom-
inant scatterer for the Vela pulsar (Section 2) and equation (4).
We find that the results remain consistent even when the Vela
pulsar scatterer-based constraint on Agy is not applied. Addi-
tionally, noting the extent of the Ho map (Fig. 4), we imposed
tighter constraints on key parameters such as Kgn, ., and b,
allowing only a narrow range of values during the fitting pro-
cess. In contrast to the YMW16 model, where certain parame-
ters are fixed, such as the Gum Nebula’s centre (I, b., Dgy) and
the scale factor (Kgn), we allowed all parameters to vary inde-

Table 3. Independent and model-predicted distance estimates of 10 pulsars in the direction of the Gum Nebula, which are used in the fitting. The
model-predicted distances are shown in columns 8 (NE2001), 9 (YMW16), 10 (GUM25; this work), and 6 and 7 (our new distance estimation technique

based on DM and temporal broadening of pulsars, Section 4). The scaled temporal broadening values using @ = —4 at 1 GHz are listed in column 2. The
GN

average value of ¢, ratio of the measured to the GUM25 model-predicted DM, are listed in column 5. The temporal broadening scaling factors, ", at
1 GHz are listed in column 11.
Pulsars Tge? DMP D¢ () (Dpr) (¢ x Dpr) DnE2oo1 Dymwis Deumas xS Ref ¢
(k)  (em™pc)  (kpe) (kpc) (kpc) (kpc)  (kpc) (kpc) (mpc~?cmS)
J0737—-3039A - 48.9 11102 - - - 0.52 110 102 - @1, m)
J0738—4042 960+11'  160.5 1.6+0.8" 126  048+0.13  0.60£0.11 2.64 1.57 1.4 27 (1, 1)
Jo742-2822  81+0.1" 737 200090 051 4.040.5° 1.94+04 2.07 311 2.86 10 1, 1v)
J0835—4510 61.94+0.3' 678  0.2840.02" 079  0.33+£0.07  0.26 £0.01 0.24 033 027 86 1, v)
J0837—4135 22.8+0.1' 147.2 1572 (03,4)  (0.3,1.2)f 0.6,1.2) 1.04 142 163 0.84 (1, 111)
J0900—3144 - 75.7 0.8170381 - - - 0.54 0.38  0.34 - (V1)
J0908—4913 804+ 11' 1804 10574 209  0.28+£0.06  0.58+0.04 2.57 1.03  0.89 3 (1, 1v, vIII)
J0942—5552  57+17"  180.2 031080 (1,2)  (0.25,0.9)8 (0.4,0.9) 3.77 041 043 6 (1, 1)
J1001-5507 172+£23"  130.3 0.3731 092  0.4140.08  0.38=+0.06 2.78 041 036 109 1, 1v)
710454509 - 58.1 0.34704 - - - 1.96 033 028 - (vin)

@ (1) M. A. Krishnakumar et al. (2015), (11) D. Mitra & R. Ramachandran (2001). ® DM values are taken from PSRCAT (R. N. Manchester et al. 2005). € (1)
parallax based distance, (11) kinematic distance. ¢ References for independent distances (column 4); (1) I. P. W. Verbiest et al. (2012), (11) A. T. Deller, M.
Bailes & S. J. Tingay (2009), (111) S. Johnston et al. (1996), (1v) B. Koribalski et al. (1995), (v) R. Dodson et al. (2003), (v1) G. Desvignes et al. (2016), (V1)
D. J. Reardon et al. (2015), (v1ir) T. P. Saravanan et al. (1996). ¢ The temporal broadening profile of this pulsar as a function of trial distance exhibits a
second solution (Fig. 6), located at ~280 pc with a higher ¢ ~ 6.6. f Values of kSN > 5.6 are ruled out by the analysis, whereas values <1.2 have double
value solutions (see the text for more details). & K‘E}N > 40 are ruled out (see the text for more details).
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Figure 4. The figure presents the H o image of the Gum Nebula overlaid
with pulsars in this region, and model ellipses from YMW16 (dashed dot-
ted) and our modified nebula model, with their respective centres marked
by filled square and diamond. The solid ellipse delineates the peak density
in the shell of the GUM25 model, while the dashed ellipses denote (inner
and outer) extents, where electron density described by Gaussian shell
profile falls to 1/e of the peak density.

pendently within the respective bounds. The parameter bounds
used in fitting are as follows: . = (258°, 265°), b, = (—4°, —1°),
ngnN, = (01, 25) Cm_3, Won = (12, 25) pc, Keon = (1.2, 1.5), and
Dgn = (300, 500) pc. The global optimization is carried out using
the differential_evolution algorithm implemented in the scipy
package. This procedure yields best-fitting parameters of 264.2°,
—2.63°,0.96 cm~3, 23.7 pc, 0.96, and 341 pc, in that order, with an
associated chi-square of eight. To further refine the parameters,
we have performed a grid-search optimization in which the three-
dimensional centre of the Gum Nebula and the factor Kgy are
held fixed to the values obtained above, while the remaining
parameters are varied (Agn, Won, Hon,)- This approach reduces
the chi-square from 8 to 5, and the final fitted Gum Nebula
parameters are listed in Table 2. The parameters Agny and Wiy
show significant coupling. A thicker shell with the smaller neb-
ular radius and a thinner shell with larger radius are presently
indistinguishable, probably due to the limited sampling of the
shell region by the set of the pulsars considered here.

4 FURTHER CONSTRAINTS ON PULSAR
DISTANCES

The propagation effects on pulsar signals are implicit distance
indicators; pulsar distances can be estimated using related ob-
served quantities, DM, and temporal broadening. As mentioned
earlier, it is well known that the estimated pulsar distances using
GEDMs can be significantly uncertain if the considered GEDM
is poorly constrained in their directions. Independent kinematic
distance estimates typically carry large uncertainties and are not
feasible along all lines of sight. Therefore, we present a new
technique to further refine or constrain the pulsar distances by
using simultaneously DM and temporal broadening of pulsars,
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Figure 5. The plot shows the variation of the «SN factor with angular
separation of pulsars from the centre of the Gum Nebula. The dot sizes
are scaled inversely with distance, such that nearby pulsars appear larger.
Itis clearly seen that the «,, factor values vary significantly across different
lines of sight through the nebula.

along with a priori GEDM. This technique iteratively searches
for the suitable distance(s) in steps of one parsec, which together
satisfy the observed DM and temporal broadening for a given
pulsar. For every trial distance (Dys,1), the electron density profile
along the line of sight to the pulsar up to Dy, is scaled with a
factor of ¢, which is the ratio of the measured DM to the model-
predicted DMy, (= OD " p.dz). For a given pulsar, the temporal
broadening is then estimated using equation (2), where ¥ (z) =
kv (¢ X ne)?, assuming (Ane)? ~ n2, where An, is the electron-
density fluctuation along the line of sight. Here «, is a constant
factor for a given line of the sight at 1 GHz. For pulsars towards
the Gum Nebula, the temporal broadening contribution from the
Gum Nebula alone (zgy) and the rest of the medium (zygn) are
computed separately using the respective scaled electron density
profile (¢ x n.) and «, is equal to unity. Then these two contribu-
tions are scaled with the respective «, factors, and added to obtain
the estimate of the temporal broadening for a given pulsar;

Tse(Dria1) = K,E\IGN X INGN T KSN X TGN- (6)

Such a linear combination of 7 is justified, noting its under-
lying dependence on the square of the scattering angle, which
is to be summed incoherently. For the non-Gum case, the «,
value is anchored on PSR J0820—1350, which lies outside the
Gum Nebula and has no contribution from the other Galactic
components (J. M. Yao et al. 2017). Its distance (S. Chatterjee et al.
2009) and temporal broadening measurements (A. D. Kuzmin
& B. Y. Losovsky 2007) are well determined, yielding xnon =
1.02 £+ 0.52 m pc~2 cm®. Now, we need a similar estimate, xSV, for
the nebula. As seen from the Table 3 or Fig. 5, the «CN values
estimated assuming distance given by Dgumzs, vary over a wide
range. Instead of using a single value of xCN, we obtain a con-
servative estimate of the distance ((Dpr)) by averaging distances
suggested by this entire range of ¥ (from 0.84 to 109 in steps of
five). The uncertainty in (Dpr) combines the root-mean-square
(RMS) variation in Dpr computed using different « SN values, and
that resulting from the uncertainties in 7. For all pulsars in our
sample, except J0942—5552 (where fractional temporal broaden-
ing uncertainty is large), the dominant uncertainty contribution
come from the RMS variation in Dpr.

920z Arenigad 0z uo Josn TgINT Aq 69€5Z8/.S0BBIS/E/9G/aI01E/SEIUW/WO0d dNODILSPED.//:SA)Y WO PapEOjUMOd



For each «SN, we estimate the optimal trial distance by as-
sessing that the relative difference between the measured and
modelled temporal broadening, (rmeasured — gmodel) /pmeasured g
less than 5 per cent. This tolerance accounts for the finite sam-
pling of both the distance and «EN grids and avoids the need for
excessively fine grids that would increase the computational cost.
For a given pulsar, some (particularly lower) values of SN are not
adequate to match the modelled temporal broadening with the
measured value, and therefore, the mean and RMS uncertainty
of the optimal distances are computed over only acceptable so-
lutions (Table 3). The new technique might appear to perform
poorly for J0837-4135 because the measured broadening is un-
usually low, and therefore the K‘?N > 5.7 are not allowed because
the non-Gum contribution to temporal broadening alone exceeds
the measured value at some trial distance. A similar situation
arises for J0942-5552, for which «SN > 40 are not permitted. For
these two pulsars we have indicated the allowed range of dis-
tances instead of a specific distance with uncertainty estimate.
The pulsar J0942—5552 has double distance solutions (Table 3
and Fig. 6). Additionally, the distance to J0742-2822 is highly
sensitive to the adopted Gum Nebula parameters, a dependence
that is not fully reflected in the quoted uncertainties. Therefore,
for pulsars located near the nebular boundary, the resulting un-
certainty estimates are not very robust. Future very long baseline
interferometry observations to estimate parallax-based distance
for this pulsar would indeed of much significance for the Gum
nebula modelling.

In the temporal broadening formalism, ¢ and the trial dis-
tance are coupled: smaller trial distances understandably yield
larger ¢ values, and vice versa (Fig. 6). Consequently, the product
¢ x Dyiq) serves as a more appropriate distance estimate. This can
be appreciated readily by considering the case of the uniform
electron density. In this illustrative case, all trial distances along
with an appropriate single value of «, factor can satisfy require-
ment of matching the observed temporal broadening. Hence, the
average distance estimate will be dictated by the range of trial
distances. In contrast, the product ¢ x Dy, Would be same for
all trial distances, and the average will not have any undesired
dependence on the range of trial distances examined. In a gen-
eral case, the mean density square times distance square term in
the integral for 7, relates to the DM? dependence, and it is the
variation in density and «, along the sight-line which contribute
to departure from a mere DM? dependence. At very short trial
distances (less than 0.5 kpc), the true density may not follow the
long distance mean in GEDM, and can cause significant uncer-
tainty in distance estimates, if the variance of changing density
also deviates from that over longer distance scales. However, us-
ing the ¢ x Dyiy product as a distance estimate and averaging
the optimal distances (disregarding outliers, when appropriate)
obtained for a given/assumed distribution of «,, mitigates many of
these issues. The optimum trial distance will be equal to the true
distance, aswell as ¢ X Dyia product when the considered GEDM
adequately describes the electron density along the line of sight,
thus when ¢ = 1. The product of ¢ and distance are also provided
in Table 3, and we consider them as more appropriate distance
estimates.

As discussed above, we have explored a possible range of «N
values for these directions. Additionally, we highlight that the
predicated temporal broadening (as a function of Dy;,) does not
increase monotonically with increasing Dy, but nonetheless
interestingly, oscillates around the enhanced electron density re-
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gion, like local bubble, Gum Nebula, etc. (Fig. 6). Hence, our
approach of solving for distance employing the full integration
to estimate the temporal broadening (equation 2) is more robust
and offers an effective way to obtain better constraints on pulsar
distances.

5 DISCUSSION AND CONCLUSION

The distance estimation method for pulsars, introduced by A. A.
Deshpande & R. Ramachandran (1998), is employed here to esti-
mate the distance to the dominant scattering screen in the sight
line to the pulsar with known distance. This technique provides
the fractional distance to either the pulsar or the scatterer by
utilizing the pulsar’s scintillation parameters and proper motion.
The fractional distance can then be converted to a physical dis-
tance if an independent distance estimate for either the pulsar or
the scatterer is available. Some care needs to be taken when using
pulsar scintillation parameters, as they should be derived from
sufficiently long temporal baseline observations. Otherwise, the
estimates may be biased by refractive scintillation (R. W. Romani
et al. 1986), the Earth’s orbital motion, or the binary motion of
the pulsar (if applicable). We have used an inverted version of this
method to estimate the frontal edge of the Gum Nebula, which is
turn out to be 196 + 16 pc from its centre, for the given distance
of the Vela pulsar. This translates to the angular radius of the
Gum Nebula to be 24° & 2°, assuming the nebula is spherical
and at a distance of 450 pc. Our estimate of the nebula radius
is within the error bar of the angular radius estimated by C. R.
Purcell et al. (2015) under the same assumptions. Our approach
provides a robust estimate of the nebula’s frontal edge and can
be extended to other such systems. Additionally, the method also
provides a scattering strength factor for the thin screen, which
in our case is around 384, comparable to the theoretical predic-
tion, assuming Ane/ne ~ 1, (ngy, X CWon)/NE iom X D) Which
turns out ~150, for a uniform electron density to be 0.03 cm~3.
Since this method relies on a two-component scattering model,
it does not provide direct insights into the structure of the Lo-
cal Bubble (Fig. 3) in our case. However, the consistency of our
results with previous studies suggests that the Local Bubble has
little to no significant impact on the scattering of the Vela pulsar,
and its associated electron density is likely to be overestimated in
YMW16 compared to the estimate by N. D. R. Bhat, Y. Gupta &
A. P. Rao (1998).

In the directions of the Gum Nebula region, nearly 100 pulsars
are known, yet only four have reliable parallax measurements,
and a total of ten have independent distance estimates (Table 3),
leading to less accurate GEDMs in this region. Based on the
available data on pulsars, we have assessed that the YMW16
model generally performs better in estimating pulsar distances
in this region, while the NE2001 model provides better temporal
broadening predictions. This difference likely arises because the
temporal broadening values for pulsars were used to constrain the
NE2001 model but not to constrain the YMW16 model. However,
these two models are still far from matching the observed tem-
poral broadening. We have further refined the nebula parameters
within the YMW16 model based on distances of ten pulsars to
provide even more consistent distances. Notably, an important
outcome is that now the GNED model (GUM25) suggests the
Vela pulsar is behind the Gum Nebula frontal shell, rather than
outside (Fig. 3), and also provides more accurate distances for
the pulsars in this region. Further refinements are expected as
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Figure 6. Illustration of our new technique for pulsar distance estimation using examples of J0738—4042, J0742—2822, and J0835—4510. The horizontal
and vertical solid and dashed lines mark the respective independently measured quantity and their uncertainties, respectively. The uncertainties in
temporal broadening values are relatively much smaller, and hence, horizontal lines almost overlap. The measured temporal broadening and associated
uncertainties are scaled to 1 GHz using « = —4. The i plots clearly show the oscillations in the estimated temporal broadening values at the electron
density enhanced regions; this feature can not be captured in the DM# modelling. In some cases, multiple distance solutions are possible, but can be

discarded based on the ¢ factor value, which should be close to unity. Here, «
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is assumed to be ~50 m pc~2 cm®.
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more independent pulsar distances become available. Notably,
only three pulsars with known distances are located above and
below the Galactic plane, but incorporating more distance esti-
mates from this population, as they become available, will impose
tighter constraints on the Ky factor.

Our new proposed method for distance estimation based on
joint DM and temporal broadening of pulsars is more robust
than DM-based distance estimation since it first refines the elec-
tron density profile using DM value and then uses appropriately
weighted integral form of temporal broadening to estimate the
distance. The technique also employs a factor, «,,, which may vary
for different regions of the ISM but can be assumed to be approx-
imately the same for closely spaced lines of sight. Notably, this
approach also suggests that the DM? (8>1) is a poor estimator for
the temporal broadening, since in reality, scatter broadening also
depends on the location of the scatterer along with the electron
density fluctuations.

In principle, the new distance estimation technique can be
used to develop and refine GEDMs in their smooth components,
as well as providing indications that may justify addition of cer-
tain details, such as clumps and voids along specific lines of sight
(J. M. Cordes & T. J. W. Lazio 2002), guided by the values of ¢
and «,. We have applied this approach to modify both the Gum
and non-Gum Nebula components of the electron density model.
Unlike Section 3, where only independent distances were con-
sidered to assess DM-based distances implied by density model,
we can incorporate the ¢.Dpr distances, which provide improved
distance constraints, and iteratively update the Gum Nebula pa-
rameters, allowing both «®N and «NN to vary freely. Our initial
tests towards this have shown encouraging indications. However,
in light of the wide range of variation of «®N and the very limited
sample pulsars we have (let alone those with reliable independent
distances), which together render inadequate degrees of freedom,
it is difficult to quantify such further refinement in the present
case.

It is clear that the Gum Nebula is a complex structure that
includes the IRAS Vela Shell, cometary globules, and other fea-
tures, as well as Vela pulsar’s own wind nebula. The Local Bub-
ble should also be treated separately, as these components and
substructures may have distinct «, factors, and by explicitly ac-
counting for them, a more accurate GEDM could be constructed.
Although our new distance technique has been described and
employed here in a specific context, it is applicable in general
in any other sector. With an adequate sample of pulsars with
scattering measurements, a reasonable initial electron density
model, and suitable constraints on «, the ¢.Dpr averages can
provide distance estimates comparable to or better than kine-
matic distances at the least, and a scope for refinement of density
models with assessment of convergence via internal consistency
(such as narrow spread in « and ¢ approach to unity). Even in
the context of presently available models, such as YMW16, our
method will aid in estimating pulsar distances in directions where
kinematic methods are unreliable or not possible, provide tighter
distance constraints, and ultimately improve Galactic electron
density models.
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