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A B S T R A C T 

Various existing models of the Gum Nebula differ significantly in their parameters and suggested origins, which can be 
independently t est ed for consist ency 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 for egr ound, suggests that the 
fractional distance of the scatterer is 0 . 89 ± 0 . 01 , and for the given distance of the V ela 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 

t echnique t o bett er 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 expect ed t emporal broadening as a function of trial distance does not follow a monotonic 
incr easing tr end, but instead e xhibits oscillations at r egions 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. 
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 INTRODUCTION  

. S. Gum ( 1952 ) discovered the largest optical structure in the
outhern hemisphere, a nebula with an angular extent of about 
0 ◦, centr ed ar ound G226 −8. The nebula is possibly ionized by
ltr aviolet r adiation from γ 2 Velorum 

1 and ζ Puppis. 2 Early spec- 
ral line studies have suggested that the Gum Nebula is an ev olv ed
tr ömgr en spher e power ed by these two stars, although with
iffering estimates of the nebular parameters (K. P. Beuermann 

973 ; R. J. Reynolds 1976a ; A. Chanot & J. P. Sivan 1983 ). Al-
 ernativ e formation channels of the nebula have also been put
orw ard. J. C. Br andt et al. ( 1971 ) and J. K. Alexander et al. ( 1971 )
rgued that the nebula is e xtr emely hot ( � 54 000 K), which re-
uires a non-stellar source of excitation. They proposed that the 
ela supernova had created the nebula, and described it as a 

fossil Str ömgr en spher e’, a r elic ionized shell now cooling and
ecombining since the ionization source is no longer present. 
 E-mail: kalyanaastro@gmail.com 

 γ Velorum is a quadruple system in the Vela constellation, consisting 
f two binary pairs: γ 1 (a blue giant and its fainter companion) and γ 2 

elorum (a Wolf–Rayet star and a blue supergiant). 
 ζ Puppis is a massive O-type blue supergiant. 
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 epr oduction in any medium, provided the original work is properly cited. 
ther studies instead attributed the nebula’s origin to a super- 
ova explosion (either Vela or the former companion of ζ Pup- 
is), with its current ionization provided by γ 2 Velorum and ζ

uppis (R. J. Reynolds 1976b ; B. Woermann, M. J. Gaylard & R.
trupcek 2001 ). R. J. Reynolds ( 1976b ) proposed that the stellar
ind from ζ Puppis could be sufficient to ionize the nebula, an

dea lat er support ed by theoretical w ork on wind-blown bubbles
y R. Weaver et al. ( 1977 ). E. M. Reynoso & G. M. Dubner ( 1997 )
uggested that multiple supernova explosions could also account 
or the nebula, compressing the gas into giant shells with a radius
f hundreds of parsecs. The nebular paramet ers suggest ed by
he aforementioned studies are consistent with their respective 
roposed origin. 
The Gum Nebula exhibits a complex structure, encompassing 

umerous cometary globules (W. J. Zealey et al. 1983 ) as well as
he pr ominent IRAS (Infrar ed Astr onomical Sat ellit e) Vela Shell
IVS; M. S. Sahu & K. C. Sahu 1993 ; B. A. Gao et al. 2025 ). The
hysical association of the IVS with the Gum Nebula has been
ebated for decades, but recent 3D dust-mapping by B. A. Gao
t al. ( 2025 ) has established that the IVS is indeed an integral
omponent of the nebula. Their analysis, combining Gaia and 

ippar c os astrometry, further indicat es that the massiv e stars γ 2 

elorum and ζ Puppis lie within the IVS and are the dominant
ources driving its ionization. C. R. Purcell et al. ( 2015 ) have
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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tudied the Gum N ebula r egion using the radio polarization data
rom the Very Large Array and the S -band P ark es All-Sky Survey,
ogether with H α images from the Southern H-Alpha Sky Survey
tlas, and have provided the updated physical parameters and
roperties of the Gum Nebula. They have modelled the nebula as
 spherical shell of uniform electron density and have obtained
n average electron density of 1 . 3 ± 0 . 4 cm 

−3 , an angular radius
f 22 . 7 ◦ ± 0 . 1 ◦, a shell thickness of 18 . 5 +1 . 5 

−1 . 4 pc, and an ambient
agnetic field strength of 3 . 9 +4 . 9 

−2 . 2 μG. 
Pulsar observables provide a tool to study the interstellar
edium (ISM) and such discrete nebular structures. The ionized

SM intr oduces a fr equency -dependent dela y to the pulsar sig-
als, which is characterized by the dispersion measure (DM). It
 epr esents the electron column density between the observer and
he pulsar ( DM = 

∫ D 
0 n e d z). In addition to dispersion, the inho-

ogeneous ISM scatters the pulsar signals, leading to multipath
r opag ation that gives rise to scintillation and other observable ef-
ects, like pulse broadening, angular broadening, etc. Particularly,
he studies of the pulsars in or behind the Gum Nebula region
ave shown enhanced DM and scattering, as well as variations in
cattering across the nebula (D. Mitra & R. Ramachandran 2001 ).
oting this, almost all of the Galactic Electron Density Models

GEDMs) include explicit contributions to the electron density
istribution associated with the Gum Nebula. Many of these Gum
 ebula Electr on Density (GNED) models are motivated by some
f the aforementioned mechanisms of the nebula origin. The
orrectness of these models and the parameters can be assessed
ffectively by using data on pulsars towards the nebula. More
pecifically, the model prediction of the DM-based distances and
catter broadening can be compared with those measured. For-
unately, independent distance estimates are available for some
f the pulsars in these directions. The independent distance es-
imates are typically derived from parallax measurements (A. T.
eller et al. 2019 ; M. J. Rioja & R. Dodson 2020 ; A. Kumar et al.

025 ), associations with globular clusters or supernova remnants
S. R. Kulkarni et al. 1993 ), and kinematic distances based on
1 cm H i absorption in pulsar spectra combined with Galactic
otation models (S. Johnston et al. 1996 ). 

In several directions across the sky, the ISM exhibits enhanced
lectron densities that are concentrated in localized regions, such
s the Gum Nebula shell. Such regions along the line of sight in-
ariably manifest as discrete scattering screens or dominant scat-
erers. In specific cases, it is possible to constrain the relative dis-
ance of a discrete dominant scatterer for a pulsar, if any, utilizing
 technique introduced by A. A. Deshpande & R. Ramachandran
 1998 ), where estimates of certain required scintillation parame-
ers and proper motion are available. Using such data available for
he Vela pulsar and its precise parallax-based distance (R. Dodson
t al. 2003 ), it has now become possible t o estimat e the distance to
he dominant scatterer for the Vela pulsar. Since the Vela pulsar is
eliev ed t o be a part of the Gum Nebula, as suggested by several
tudies (D. C. Backer 1974 ; F. Kirsten et al. 2019 ), and ther efor e,
he distance to the frontal edge of the nebula can be inferred. This,
n turn, provides constraints on the size of the nebula relevant to
he DM and scintillation parameters of the pulsars towards the
ebula. Further, the comparison of independently determined
istances for ten pulsars with those predicted by GEDMs (based
n DM) has provided a critical assessment of the Gum Nebula
ontribution in the respective models. The nebula component
n the YMW16 model, in comparison with other models, pro-
ides better consistency between predicted and independently
stimated distances for pulsars towards this region. How ev er,
 e hav e found that significant distance improv ement is possi-
NRAS 546, 1–10 (2026) 
le due to the refinement of par ameters char acterizing nebula
ontribution. 

In the following, Section 2 describes the details of our analysis
f the data on the Vela pulsar to constrain the distance of the
rontal edge of the Gum Nebula. Section 3 presents the com-
arison of GEDMs and our improved model parameters for the
um Nebula. A new method is explored to better constrain the
ulsar distances using their DM and temporal broadening, and

s presented in Section 4 . Section 5 contains a summary of our
esults, discussion, and conclusion. 

 FRONTAL  EDGE  OF  T H E  GUM  N E B U L A  

n view of the range of suggestions for the Gum Nebula parame-
 ers, w e e xplor e the possibility of using the Vela pulsar observ-
bles to independently constrain the distance to the scattering
cr een r ender ed by the Gum N ebula shell. Mor e specifically, to
stimate the distance to the frontal edge of the Gum Nebula,
 e hav e used the A. A. Deshpande & R. Ramachandran ( 1998 )

echnique, which has been demonstrated to estimate the distance
o the pulsar. This technique has been motivated by the work of 
. R. Gwinn, N. Bartel & J. M. Cordes ( 1993 ), where they assume
 two - component model for the scattering medium consisting
f a uniform component plus a thin discrete scattering screen.
he technique uses the measurements of angular broadening,

emporal broadening, scintillation time-scale, and proper motion
f pulsars t o estimat e both the location of the dominant scatter-
ng screen and the scattering strength factor (ratio of the mean
cat tering r ate in a discrete thin screen to uniform distribution)
long the line of sight. The angular broadening ( θH 

; C. Alcock &
. Hatchett 1978 ; R. Blandford & R. Nar ay an 1985 ) and tempor al
r oadening ( τsc ; R. Blandfor d & R. N ar ay an 1985 ) for a source at
istance D are given by 

2 = 

1 
D 

2 

∫ D 

0 
z 2 ψ ( z )d z , (1) 

sc = 

1 
2 cD 

∫ D 

0 
z ( D − z ) ψ ( z )d z , (2) 

here ψ ( z ) r epr esents the mean scat tering r ate per unit length,
nd c is the speed of light. C. R. Gwinn et al. ( 1993 ) have uti-
ized the ratio of the observed angular broadening ( θH 

) to that
stimated from the measured temporal broadening: 

τ = 

√ 

4 ln (2) 
(

4 cτsc 

D 

)
. 

. A. Deshpande & R. Ramachandran ( 1998 ) extended this ap-
roach by also incorporating the ratio of the measured trans-
erse proper motion velocity ( V PM 

) to that inferred from temporal
roadening and the diffractive scintillation time-scale ( t diff ; ratio
f the coherence length-scale t o effectiv e trav erse v elocity of the
ulsar) 

 

2 
iss = 

Dc 
4 π2 τsc t 2 diff ν

2 , 

here ν is the observing frequency. By solving equations ( 1 ) and
 2 ) and using the above-mentioned ratios (angular broadening
 alues r atio, r θ and tr ansv erse v elocities ratio, r v ), A. A. Desh-
ande & R. Ramachandran ( 1998 ) derived the following e xpr es-
ion to estimate the pulsar distance: 

 

2 r 2 θ r 2 v (2 x − 3 x 2 ) + Dr 2 v (2 x − 1) + (3 x − 1)(x − 1) = 0 , (3) 

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

Pulsar R.A. a Dec. a μα
a μδ

a D 

a �νsc 
b τdiff

b θH 

b 

(hms) (dms) (mas yr −1 ) (mas yr −1 ) (pc) (kHz) (s) (mas) 

J0835 −4510 08:35:20.61149(2) −45:10:34.8751(3) −49 . 68 ± 0 . 06 29 . 9 ± 0 . 1 287 +19 
−17 68 ± 5 15 1 . 6 ± 0 . 2 

( a ) R. Dodson et al. ( 2003 ). ( b ) K. M. Desai et al. ( 1992 ). �νsc r epr esents the half-width at half-maximum of the autocorrelation function of the pulsar 
dynamic spectrum along the frequency axis ( τ = 0 ), t diff is the half-width at the 1 /e power level along the time axis ( ν = 0 ), and θH 

denotes the full width 
at half maximum of the scattering disc size. 

Figur e 1. Left: Both r oots of the quadratic equation ( 3 ) ar e plot ted (dashed and dashed-dot ted lines) as a function of the fr actional scat terer distance. 
The solid line corresponds to a fixed scatterer distance of 254 pc ( D = d s /x). The physical solution for the fr actional scat terer distance is given by the 
int ersection of these tw o curv es (solid and dashed-dott ed) at x = 0.89. The other root (dashed line) yields unrealistic distance estimates for a range of 
fr actional scat terer distance v alues. Right: The v ariation of R θ and R v with the fr actional scat terer distance and scat t ering strength fact or ( Y) is shown. The 
solid lines/curves starting from top left correspond to different Y values (infinity, 20, 4, 1, 0) in that or der. For r efer ence, 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 r θ = 0.49 kpc −1 / 2 and r v = 0.95 kpc −1 / 2 . The estimated 
fr actional scat terer distance and scat t ering strength fact or for the Vela pulsar are 0 . 89 ± 0 . 01 , 384, respectively. 
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How ev er, the method r equir es knowledge of the distance to the
ominant scatterer to translate the fractional scatterer distance to 
he physical distance of the pulsar. This technique can be inv ert ed
 o estimat e the distance t o the dominant scatterer in the line of 
ight of the pulsar whose independent distance is known. We 
pply this t echnique t o the Vela pulsar t o estimat e the distance
o the frontal edge of the Gum Nebula. The required aforemen-
ioned observables of the Vela pulsar are listed in Table 1 . M. A.
rishnakumar et al. ( 2015 ) have provided the refined temporal
roadening value for the Vela pulsar at 327 MHz, which agree 
ithin 1 σ 3 with that of the K. M. Desai et al. ( 1992 ) estimates

t 2.3 GHz, assuming a spectral index of α = −4 in the scaling
elation τsc ∝ να (R. W. Romani, R. Nar ay an & R. Blandford 1986 )
nd the relation 2 π�νsc τsc ≈ 1 (J. M. Cordes & B. J. Rickett 1998 ).
ow ev er, it is worth noting that these two temporal broadening

stimat es w ould deviat e from each other by ∼8 σ if α is to be
4.4. To avoid such frequency dependence, we adopt the tempo- 

al broadening estimates of K. M. Desai et al. ( 1992 ) in the anal-
sis, since the same study also provides the other two r equir ed
bservables, θH 

, t diff, at the same frequency. 
Using parameter values listed in Table 1 and equation ( 3 ), we

av e estimat ed the fr actional scat t erer distance t o be 0 . 89 ± 0 . 01 ,
 The sigma is the quadratic sum of both measurements uncertainties, the 
ame convention is used throughout the paper. 

2  

e  

a  

b  
hich translat es t o the scatt erer distance of 254 ± 16 pc for the
iven Vela pulsar distance of 287 +19 

−17 (R. Dodson et al. 2003 ). The
ther root of the quadratic equation ( 3 ) translat es t o unrealistic
istance estimates, as can be seen in Fig. 1 . The uncertainty in
r actional scat terer distance ( x) is computed using a Monte Carlo
pproach with 100 000 samples. For each contributing parameter 
 D , θH 

, τsc , t diff, and proper motion), random samples have been
rawn from normal distributions that have a mean value and 

tandard deviation equal to those in the respective parameters. 
or each sample, the fr actional scat t erer distance is comput ed,
nd the 1 σ error bar is determined using the 16 th and 84 th
ercentiles values of the distribution. Our estimated fractional 
catterer distance differs by appr o ximately 2 σ fr om the value
eported by K. M. Desai et al. ( 1992 ), which likely arises from their
ssumed Vela pulsar distance of 500 ± 100 pc (D. A. F r ail & J. M.
eisberg 1990 ). 
The Vela pulsar is well known to be associated with the Gum
 ebula, whose fr ontal edge is most likely the dominant contribu-

 or t o the Vela pulsar scatt ering (D. C. Backer 1974 ; F. Kirsten et al.
019 ; R. Wang et al. 2025 ). If indeed so, our estimated distance to
he dominant scatterer for the Vela pulsar implies the Gum Neb-
la radius of 196 ± 16 pc, corresponding to an angular radius of 
4 ◦ ± 2 ◦, which agrees within 1 σ of the C. R. Purcell et al. ( 2015 )
stimate. Here, as per C. R. Purcell et al. ( 2015 ) study, w e hav e
ssumed that the Gum Nebula is spherical, centred at ( l = 261 ◦,
 = −2.5 ◦; B. Woermann et al. 2001 ) with a distance of 450 pc.
MNRAS 546, 1–10 (2026) 
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M

Table 2. Parameters and component(s) of the Gum Nebula model used in NE2001, YMW16, and GUM25 (this work). The nebular parameters 
include thr ee-dimensional centr e coor dinates (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 

( ∑ 10 
i =1 ( ( D 

i 
measured − D 

i 
model ) /σ

i 
measured ) 

2 ), which are mentioned in Table 3 . 

Model Component Shape W GN l b D GN K GN A GN n GN 0 χ2 

(pc) (deg) (deg) (pc) (pc) (cm 

−3 ) 

NE2001 Gum i Spherical – 260.00 −1.00 500 1 140 0.39 209 
Gum ii Spherical – 262.80 2.70 500 1 30 0.47 –

VelaIras Spherical – 263.25 −9 250 1 40 3.37 –
Gum iii (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 
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(l, b) r epr esent the standar d Sun-centr ed Galactic coor dinates. The Sun 
is located at ( x = 0 , y = 8300 pc , z = 6 . 2 pc ). 
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. Wang et al. ( 2025 ) have estimated the distance to the domi-
ant scatterer for PSR B0740–28 to be 245 +69 

−72 pc, based on mea-
urements of int erst ellar scintillation speed. They assumed the
um Nebula is centred on G258-2 at 350 pc, with its frontal edge

t appr o ximately 240 pc, which is consistent with their inferred
catterer distance for B0740-28. Using the same Gum Nebula
arameters (3D centre coordinat es), the scatt erer distance for the
ela pulsar places the nebula’s frontal edge at 250 ± 15 pc, which
grees within the uncertainties with their estimate of frontal edge
istance. 
For complet eness, w e hav e checked if any imprint of the Gum
 ebula is appar ent in the Gaia data by examining Gaia sources

n the 80 ◦ × 80 ◦ region around the nebula centre, such as any
ource density enhancement in the Gum Nebula shell. How-
ver, no such enhancement is apparent, and in fact, compared
o the centre, the source density slightly falls towards the shell.
lthough any possible causal connection between this fall and

he presence of the Gum Nebula shell is unclear, the delineation
f the boundary of this region (as well as the assumed centre) is
onsistent with the scale of this fall in Gaia source density. 

Several studies have shown that H ii regions along pulsar sight
ines can significantly affect observables such as dispersion, scat-
ering, and rotation measures, and have even been used to iden-
ify and study such regions directly (D. Mitra et al. 2003 ; L.
arvey -Smith, G . J. Madsen & B. M. Gaensler 2011 ; S. K. Ocker

t al. 2024b ). In particular, scattering due to discrete H ii regions
as been explicitly assessed by several studies (S. K. Ocker, J. M.
ordes & S. Chatterjee 2020 ; G. Mall et al. 2022 ; S. K. Ocker et al.
024a ). Motivated by these studies, we examined Gaia sources
ithin a 20 ◦ × 20 ◦ region centred on the Vela pulsar to search for
ot O/B-type stars whose Str ömgr en spher es might contribute to
iscrete density enhancements (A. J. R. Prentice & D. Ter Haar
969 ). No such stars were found in close proximity to the line of 
ight, r einfor cing the conclusion that the frontal edge of the Gum
ebula itself is the primary scattering screen for the Vela pulsar. 

 GEDMS  COMPARISON  AND  R E F I N E M E N T S  

EDMs are primarily constructed from our understanding of the
lectron density distribution of our galaxy, which can be from
ulsar DM, spectral line observations, H α surveys, etc. However,
ccurately measuring the parameters describing these models
emains a challenge. Observables of the pulsars play a key role
n refining and constraining GEDMs. Two of the most widely
sed GEDMs till now are NE2001 (J. M. Cordes & T. J. W. Lazio
002 ) and YMW16 (J. M. Yao, R. N. Manchester & N. Wang 2017 ),
hich are essential for estimating the distances of pulsars and fast
NRAS 546, 1–10 (2026) 
adio bursts and for describing the properties of the ISM. These
odels include the Gum Nebula as a separate electron density-

nhanced region. The component(s) of the Gum Nebula used by
hese models and their respective parameters are shown in Table
 . The NE2001 model assumes the nebula to be a spherical region
ith an angular radius of ∼30 ◦. It also includes two electron den-

ity enhanced spherical regions (clumps) and one electron deficit
egion (void) to match the measured pulsar observables to those
redicted by the model in these directions; for more details, see
. M. Cordes & T. J. W. Lazio ( 2002 ). While based on the current
nderstanding of the Gum N ebula (B . Woermann et al. 2001 ; C.
. Purcell et al. 2015 ), J. M. Yao et al. ( 2017 ) have modelled nebula
s an ellipsoidal shell, 

x − x GN 

A GN 

)2 
+ 

(y − y GN 

A GN 

)2 
+ 

( z − z GN 

K GN 

A GN 

)2 
= 1 , (4) 

here ( x GN 

, y GN 

, z GN 

) ar e the g alact ocentric Cart esian coordi-
ates of the nebula centre, 4 K GN 

is the ratio of the z axis dimen-
ion to that of the x - y plane, and A GN 

is the radius of the shell
n the x - y plane. The assumed e x cess electr on density in the shell
as a Gaussian profile with 1/e half-width W GN 

 GN 

= n GN 0 exp 

[ 

−
(

s GN 

W GN 

)2 
] 

, (5) 

here s GN 

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

The reliability of these models can be assessed by comparing
odel-predicted and independently measured pulsar observables

J. M. Yao et al. 2017 ; D. C. Price, C. Flynn & A. Deller 2021 ).
omparing DM-based distances with independent estimates of 
istances, w e hav e e xamined the Gum N ebula electr on density
odels within these GEDMs. The temporal broadening values of 

he pulsars are not considered in the analysis since the model-
redict ed t empor al broadening v alues show a huge deviation
rom that of the measured values (Fig. 2 ), which is a clear indi-
ation that the DM 

2 . 2 model (R. Ramachandran et al. 1997 ; M. A.
rishnakumar et al. 2015 ) is not a good estimator for temporal
roadening of pulsars in these directions, as well as in general,
he temporal broadening does not simply follow the DM 

β ( β > 1 )
ut also depends on the fractional distances to the scatterers (as
iscussed in Section 4 ). 
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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, α = −4. 
Data points lying close to the solid line (one-to - one relation line; y = x) 
show smaller deviations from the model predictions. 

b
(  

p  

(  

t  

N  

(  

a
Y
t
u  

w

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 V ela pulsar . The first peak, ar ound 100 pc, corr esponds 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 for egr ound 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. 
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On average, the YMW16 model provides more accurate DM- 
ased pulsar distance estimates compared to the NE2001 model 
Table 3 ). How ev er , surprisingly, the V ela pulsar location is im-
lied to be in front of the Gum Nebula model within YMW16
Fig. 3 ). The Vela pulsar location has long been discussed, and
he broad consensus is that the Vela pulsar is a part of the Gum
 ebula, wher e the nebular shell is likely the dominant scatterer

D. C. Backer 1974 ; F. Kirsten et al. 2019 ). The source of such
 discrepancy is unclear. Particularly for the Vela pulsar, the 
MW16 model underestimates the electron density or overes- 

imates its distance. Recognition of such issues has prompted 

s to revisit the model and to refine the Gum Nebula model
ithin YMW16 by adjusting all relevant nebular parameters 
able 3. Independent and model-predicted distance estimates of 10 pulsars 
odel-pr edicted distances ar e shown in columns 8 (NE2001), 9 (YMW16), 10 (

ased on DM and temporal broadening of pulsars, Section 4 ). The scaled tempo
ver age v alue of ζ , r atio of the measured to the GUM25 model-predicted DM, 
 GHz are listed in column 11. 

ulsars τsc 
a DM 

b D 

c 〈 ζ 〉 〈 D DT 〉 
( μs) (cm 

−3 pc) (kpc) (kpc) 

0737 −3039A – 48.9 1.1 +0 . 2 
−0 . 1 

i – –
0738 −4042 960 ± 11 i 160.5 1 . 6 ± 0 . 8 ii 1.26 0 . 48 ± 0 . 13 
0742 −2822 8 . 1 ± 0 . 1 i 73.7 2.0 +1 . 0 

−0 . 8 
ii 0.51 4 . 0 ± 0 . 5 e 

0835 −4510 61 . 9 ± 0 . 3 i 67.8 0 . 28 ± 0 . 02 i 0.79 0 . 33 ± 0 . 07 
0837 −4135 22 . 8 ± 0 . 1 i 147.2 1.5 +1 . 2 

−0 . 9 
ii (0.3, 4) (0 . 3 , 1 . 2) f 

0900 −3144 – 75.7 0.81 +0 . 38 
−0 . 21 

i – –
0908 −4913 80 ± 11 i 180.4 1.0 +1 . 7 

−0 . 7 
ii 2.09 0 . 28 ± 0 . 06 

0942 −5552 57 ± 17 ii 180.2 0.3 +0 . 8 
−0 . 2 

ii (1, 2) (0 . 25 , 0 . 9) g 
1001 −5507 172 ± 23 ii 130.3 0.3 +1 . 1 

−0 . 3 
ii 0.92 0 . 41 ± 0 . 08 

1045 −4509 – 58.1 0.34 +0 . 2 
−0 . 10 

i – –
 ( i ) M. A. Krishnakumar et al. ( 2015 ), ( ii ) D. Mitra & R. Ramachandran ( 2001 )
arallax based distance, ( ii ) kinematic distance. d References for independent d
ailes & S. J. Tingay ( 2009 ), ( iii ) S. Johnston et al. ( 1996 ), ( iv ) B. Koribalski et a
 . J . Reardon et al. ( 2015 ), ( viii ) T. P. Sar av anan et al. ( 1996 ). e The tempor al b

econd solution (Fig. 6 ), located at ∼280 pc with a higher ζ ≈ 6 . 6 . f Values of κ
alue solutions (see the text for more details). g κGN 

ν ≥ 40 are ruled out (see the
hile constraining the A GN 

using the information on the dom- 
nant scatterer for the Vela pulsar (Section 2 ) and equation ( 4 ).

e find that the results remain consistent even when the Vela
ulsar scatterer-based constraint on A GN 

is not applied. Addi- 
ionally, noting the extent of the H α map (Fig. 4 ), we imposed
ighter constraints on key parameters such as K GN 

, l c , and b c ,
llowing only a narrow r ange of v alues during the fitting pro-
ess. In contrast to the YMW16 model, where certain parame- 
ers ar e fix ed, such as the Gum N ebula’s centr e ( l c , b c , D GN 

) and
he scale factor ( K GN 

), we allowed all parameters to vary inde-
MNRAS 546, 1–10 (2026) 

in the direction of the Gum N ebula, which ar e used in the fitting. The 
GUM25; this work), and 6 and 7 (our new distance estimation technique 
ral broadening values using α = −4 at 1 GHz are listed in column 2. The 
are listed in column 5. The temporal broadening scaling factors, κGN 

ν , at 

〈 ζ × D DT 〉 D NE2001 D YMW16 D GUM25 κGN 
ν Ref d 

(kpc) (kpc) (kpc) (kpc) ( m pc −2 cm 

6 ) 

– 0.52 1.10 1.02 – ( i, ii ) 
0 . 60 ± 0 . 11 2.64 1.57 1.4 27 ( i, iii ) 

1 . 9 ± 0 . 4 2.07 3.11 2.86 10 ( i, iv ) 
0 . 26 ± 0 . 01 0.24 0.33 0.27 86 ( i, v ) 

(0 . 6 , 1 . 2) 1.04 1.42 1.63 0.84 ( i, iii ) 
– 0.54 0.38 0.34 – ( vi ) 

0 . 58 ± 0 . 04 2.57 1.03 0.89 3 ( i, iv, viii ) 
(0 . 4 , 0 . 9) 3.77 0.41 0.43 6 ( i, iii ) 

0 . 38 ± 0 . 06 2.78 0.41 0.36 109 ( i, iv ) 
– 1.96 0.33 0.28 – ( vii ) 

. b DM values are taken from PSRCAT (R. N. Manchester et al. 2005 ). c ( i ) 
istances (column 4); ( i ) J. P. W. Verbiest et al. ( 2012 ), ( ii ) A. T. Deller, M. 
l. ( 1995 ), ( v ) R. Dodson et al. ( 2003 ), ( vi ) G. Desvignes et al. ( 2016 ), ( vii ) 
r oadening pr ofile of this pulsar as a function of trial distance exhibits a 

GN 
ν ≥ 5 . 6 are ruled out by the analysis, whereas values ≤1 . 2 have double 
 text for more details). 

369 by EM
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Figure 4. The figure presents the H α 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 out er) ext ents, where electron density described by Gaussian shell 
profile falls to 1 /e of the peak density. 
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Figure 5. The plot shows the variation of the κGN 
ν 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. 
It is clearly seen that the κν factor values vary significantly across different 
lines of sight through the nebula. 
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endently within the respective bounds. The parameter bounds
sed in fitting are as follows: l c = (258 ◦, 265 ◦) , b c = (−4 ◦, −1 ◦) ,
 GN 0 = (0 . 1 , 2 . 5) cm 

−3 , W GN 

= (12 , 25) pc , K GN 

= (1 . 2 , 1 . 5) , and
 GN 

= (300 , 500) pc . The global optimization is carried out using
he differential_evolution algorithm implemented in the scipy
ackage. This pr ocedur e yields best-fit ting par ameters of 264 . 2 ◦,
2 . 63 ◦, 0 . 96 cm 

−3 , 23 . 7 pc , 0.96, and 341 pc , in that order, with an
ssociated chi-square of eight. To further refine the parameters,
 e hav e performed a grid-search optimization in which the three-
imensional centre of the Gum Nebula and the factor K GN 

are
eld fixed to the values obtained above, while the remaining
arameters are varied ( A GN 

, W GN 

, n GN 0 ). This approach reduces
he chi-square from 8 to 5, and the final fitted Gum Nebula
arameters are listed in Table 2 . The parameters A GN 

and W GN 

how significant coupling. A thicker shell with the smaller neb-
lar radius and a thinner shell with larger radius are presently

ndistinguishable, probably due to the limited sampling of the
hell region by the set of the pulsars considered here. 

 F U RT H E R  C  ONS  T R A I N T S  ON  PULSAR  

I STA N C E S  

he pr opag ation effects on pulsar signals ar e implicit distance
ndicators; pulsar distances can be estimated using related ob-
erved quantities, DM, and temporal br oadening . As mentioned
arlier, it is well known that the estimated pulsar distances using
EDMs can be significantly uncertain if the considered GEDM

s poorly constrained in their directions. Independent kinematic
istance estimates typically carry large uncertainties and are not
easible along all lines of sight. Ther efor e, we pr esent a new
 echnique t o further refine or constrain the pulsar distances by
sing simultaneously DM and temporal broadening of pulsars,
NRAS 546, 1–10 (2026) 
long with a priori GEDM. This t echnique it erativ ely searches
or the suitable distance(s) in steps of one parsec, which together
atisfy the observed DM and temporal broadening for a given
ulsar. For every trial distance ( D trial ), the electron density profile
long the line of sight to the pulsar up to D trial is scaled with a
actor of ζ , which is the ratio of the measured DM to the model-
redicted DM trial ( = 

∫ D trial 
0 n e d z ) . For a giv en pulsar, the t emporal

roadening is then estimated using equation ( 2 ), where ψ ( z ) =
ν ( ζ × n e ) 2 , assuming ( �n e ) 2 ≈ n 

2 
e , where �n e is the electron-

ensity fluctuation along the line of sight. Here κν is a constant
actor for a given line of the sight at 1 GHz. For pulsars towards
he Gum Nebula, the temporal broadening contribution from the
um Nebula alone ( τGN 

) and the rest of the medium ( τNGN 

) are
omput ed separat ely using the respective scaled electron density
rofile ( ζ × n e ) and κν is equal to unity. Then these two contribu-
ions are scaled with the respective κν factors, and added to obtain
he estimate of the temporal broadening for a given pulsar; 

sc (D trial ) = κNGN 

ν × τNGN 

+ κGN 

ν × τGN 

. (6) 

Such a linear combination of τsc is justified, noting its under-
ying dependence on the square of the scattering angle, which
s to be summed incoherently. For the non-Gum case, the κν

alue is anchored on PSR J0820 −1350, which lies outside the
um Nebula and has no contribution from the other Galactic

omponents (J. M. Yao et al. 2017 ). Its distance (S. Chatterjee et al.
009 ) and temporal broadening measurements (A. D. Kuzmin
 B. Y. Losovsky 2007 ) are well determined, yielding κNGN 

=
 . 02 ± 0 . 52 m pc −2 cm 

6 . Now, we need a similar estimate, κGN 

ν , for
he nebula. As seen from the Table 3 or Fig. 5 , the κGN 

ν values
stimated assuming distance given by D GUM25 , vary over a wide
ange. Instead of using a single value of κGN 

ν , we obtain a con-
ervativ e estimat e of the distance ( 〈 D DT 〉 ) by av eraging distances
uggested by this entire range of κGN 

ν (from 0.84 to 109 in steps of 
ve). The uncertainty in 〈 D DT 〉 combines the r oot-mean-squar e

RMS) variation in D DT computed using different κGN 

ν values, and
hat r esulting fr om the uncertainties in τsc . For all pulsars in our
ample, e x cept J0942 −5552 (where fr actional tempor al broaden-
ng uncertainty is large), the dominant uncertainty contribution
ome from the RMS variation in D . 
DT 
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For each κGN 

ν , we estimate the optimal trial distance by as-
essing that the relative difference between the measured and 

odelled temporal broadening, 
(
τmeasured 

sc − τmodel 
sc 

)
/τmeasured 

sc , is 
ess than 5 per cent. This tolerance accounts for the finite sam-
ling of both the distance and κGN 

ν grids and avoids the need for
 x cessively fine grids that would increase the computational cost.
or a given pulsar, some (particularly lower) values of κGN 

ν are not
dequat e t o mat ch the modelled t emporal broadening with the
easur ed value, and ther efor e, the mean and RMS uncertainty

f the optimal distances are computed over only acceptable so- 
utions (Table 3 ). The new technique might appear to perform
oorly for J0837–4135 because the measur ed br oadening is un-
sually low, and ther efor e the κGN 

ν ≥ 5 . 7 are not allowed because
he non-Gum contribution t o t emporal broadening alone exceeds 
he measured value at some trial distance. A similar situation 

rises for J0942–5552, for which κGN 

ν ≥ 40 are not permitted. For 
hese two pulsars we have indicated the allowed rang e of dis -
ances instead of a specific distance with uncertainty estimate. 
he pulsar J0942 −5552 has double distance solutions (Table 3 
nd Fig . 6 ). A dditionally, the distance to J0742–2822 is highly
ensitiv e t o the adopt ed Gum Nebula paramet ers, a dependence
hat is not fully reflected in the quoted uncertainties. Ther efor e,
or pulsars located near the nebular boundary, the resulting un- 
ertainty estimates are not very r obust. Futur e very long baseline
nt erferometry observations t o estimat e parallax-based distance 
or this pulsar would indeed of much significance for the Gum 

ebula modelling. 
In the temporal broadening formalism, ζ and the trial dis- 

ance are coupled: smaller trial distances understandably yield 

arger ζ values, and vice versa (Fig. 6 ). Consequently, the product
× D trial serves as a more appropriate distance estimate. This can 

e appreciated readily by considering the case of the uniform 

lectron density. In this illustrative case, all trial distances along 
ith an appropriate single value of κν factor can satisfy r equir e-
ent of matching the observed temporal br oadening . Hence, the

v erage distance estimat e will be dictat ed by the range of trial
istances. In contrast, the product ζ × D trial would be same for 
ll trial distances, and the average will not have any undesired
ependence on the range of trial distances examined. In a gen- 
ral case, the mean density square times distance square term in
he integral for τsc relates to the DM 

2 dependence, and it is the
ariation in density and κν along the sight-line which contribute 
o departure from a mere DM 

2 dependence. At very short trial 
istances (less than 0.5 kpc), the true density may not follow the

ong distance mean in GEDM, and can cause significant uncer- 
ainty in distance estimates, if the variance of changing density 
lso deviates from that over longer distance scales. However, us- 
ng the ζ × D trial product as a distance estimate and averaging 
he optimal distances (disr eg ar ding outliers, when appr opriate)
btained for a given/assumed distribution of κν mitigates many of 
hese issues. The optimum trial distance will be equal to the true
istance, as well as ζ × D trial product when the considered GEDM 

dequately describes the electron density along the line of sight, 
hus when ζ = 1 . The product of ζ and distance are also provided
n Table 3 , and we consider them as more appropriate distance
stimates. 

As discussed abov e, w e hav e e xplor ed a possible range of κGN 

ν

alues for these dir ections. A dditionally, we highlight that the
redicat ed t emporal broadening (as a function of D trial ) does not

ncrease monotonically with increasing D trial , but nonetheless 
nt erestingly, oscillat es around the enhanced electron density re- 
ion, like local bubble, Gum N ebula, etc. (Fig . 6 ). Hence, our
pproach of solving for distance employing the full integration 

 o estimat e the t emporal broadening (equation 2 ) is mor e r obust
nd offers an effective way to obtain better constraints on pulsar
istances. 

 DISCUSSION  AND  CONCLUSION  

he distance estimation method for pulsars, introduced by A. A. 
eshpande & R. Ramachandran ( 1998 ), is employed here to esti-
ate the distance to the dominant scattering screen in the sight

ine to the pulsar with known distance. This technique provides 
he fractional distance to either the pulsar or the scatterer by
tilizing the pulsar’s scintillation parameters and proper motion. 
he fractional distance can then be conv ert ed t o a physical dis-

ance if an independent distance estimate for either the pulsar or
he scatterer is available. Some care needs to be taken when using
ulsar scintillation parameters, as they should be derived from 

ufficiently long temporal baseline observations. Otherwise, the 
stimates may be biased by refractive scintillation (R. W. Romani 
t al. 1986 ), the Earth’s orbital motion, or the binary motion of 
he pulsar (if applicable). We have used an inv ert ed v ersion of this

ethod to estimate the frontal edge of the Gum Nebula, which is
urn out to be 196 ± 16 pc from its centre, for the given distance
f the V ela pulsar . This translat es t o the angular radius of the
um Nebula to be 24 ◦ ± 2 ◦, assuming the nebula is spherical

nd at a distance of 450 pc. Our estimate of the nebula radius
s within the error bar of the angular radius estimated by C. R.
urcell et al. ( 2015 ) under the same assumptions. Our approach
rovides a robust estimate of the nebula’s frontal edge and can
e ext ended t o other such syst ems. Additionally, the method also
rovides a scattering strength factor for the thin screen, which 

n our case is around 384, comparable to the theoretical predic-
ion, assuming �n e /n e ∼ 1 , ( n 

2 
GN 0 

× (2 W GN 

) /n 

2 
uniform 

× D ) which
urns out ∼150 , for a uniform electron density to be 0.03 cm 

−3 .
ince this method relies on a two - component scattering model,
t does not provide direct insights into the structure of the Lo-
al Bubble (Fig. 3 ) in our case. How ev er, the consist ency of our
esults with previous studies suggests that the Local Bubble has 
ittle to no significant impact on the scattering of the Vela pulsar,
nd its associated electron density is likely to be overestimated in
MW16 compared to the estimate by N. D. R. Bhat, Y. Gupta &
. P. Rao ( 1998 ). 
In the directions of the Gum Nebula region, nearly 100 pulsars

re known, yet only four have reliable parallax measurements, 
nd a total of ten have independent distance estimates (Table 3 ),
eading to less accurate GEDMs in this region. Based on the
vailable data on pulsars, we have assessed that the YMW16 
odel generally performs better in estimating pulsar distances 

n this region, while the NE2001 model provides better temporal 
r oadening pr edictions. This differ ence likely arises because the
emporal broadening values for pulsars were used to constrain the
E2001 model but not to constrain the YMW16 model. How ev er,

hese two models are still far from matching the observed tem-
oral br oadening . We have further r efined the nebula parameters
ithin the YMW16 model based on distances of ten pulsars to
rovide even more consistent distances. Notably, an important 
utcome is that now the GNED model (GUM25) suggests the 
ela pulsar is behind the Gum N ebula fr ontal shell, rather than
utside (Fig. 3 ), and also provides more accurate distances for
he pulsars in this r egion. Further r efinements ar e e xpected as
MNRAS 546, 1–10 (2026) 



8 A. Kumar, A. A. Deshpande and P. Jain 

M

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 
tempor al broadening v alues ar e r elatively much smaller, and hence, horizontal lines almost overlap. The measured temporal broadening and associated 
uncertainties are scaled to 1 GHz using α = −4 . The τsc 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 

β modelling. In some cases, multiple distance solutions are possible, but can be 
discarded based on the ζ factor value, which should be close to unity. Here, κGN 

ν is assumed to be ∼50 m pc −2 cm 
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ore independent pulsar distances become available. Notably, 
nly three pulsars with known distances are located above and 

elow the Galactic plane, but incorporating more distance esti- 
ates from this population, as they become available, will impose 

ighter constraints on the K GN 

factor. 
Our new proposed method for distance estimation based on 

oint DM and temporal broadening of pulsars is more robust 
han DM-based distance estimation since it first refines the elec- 
r on density pr ofile using DM value and then uses appropriately
 eight ed int egral form of t emporal broadening t o estimat e the
istance. The technique also employs a factor, κν , which may vary 
or different regions of the ISM but can be assumed to be appr o x-
mately the same for closely spaced lines of sight. Notably, this
pproach also suggests that the DM 

β ( β> 1) is a poor estimator for
he temporal broadening, since in reality, scatter broadening also 
epends on the location of the scatterer along with the electron 

ensity fluctuations. 
In principle, the new distance estimation technique can be 

sed to develop and refine GEDMs in their smooth components, 
s well as providing indications that may justify addition of cer- 
ain details, such as clumps and voids along specific lines of sight
J. M. Cordes & T. J. W. Lazio 2002 ), guided by the values of ζ
nd κν . We have applied this approach to modify both the Gum
nd non-Gum Nebula components of the electron density model. 
nlike Section 3 , where only independent distances were con- 

idered to assess DM-based distances implied by density model, 
 e can incorporat e the ζ .D DT distances, which pr ovide impr oved
istance constr aints, and iter atively update the Gum Nebula pa- 
ameters, allowing both κGN 

ν and κNGN 

ν to vary freely. Our initial 
 ests t owards this hav e shown encouraging indications. How ev er,
n light of the wide range of variation of κGN 

ν and the very limited
ample pulsars we have (let alone those with reliable independent 
istances), which together render inadequate degrees of freedom, 

t is difficult to quantify such further refinement in the present
ase. 

It is clear that the Gum Nebula is a complex structure that
ncludes the IRAS Vela Shell, cometary globules, and other fea- 
ures, as well as Vela pulsar’s own wind nebula. The Local Bub-
le should also be treated separately, as these components and 

ubstructures may have distinct κν factors, and by explicitly ac- 
ounting for them, a more accurate GEDM could be constructed. 
lthough our new distance technique has been described and 

mployed here in a specific context, it is applicable in general 
n any other sector. With an adequate sample of pulsars with
cattering measurements, a reasonable initial electron density 
odel, and suitable constraints on κ , the ζ .D DT averages can 

rovide distance estimates comparable to or better than kine- 
atic distances at the least, and a scope for refinement of density
odels with assessment of convergence via internal consistency 

such as narrow spread in κ and ζ approach to unity). Even in
he conte xt of pr esently available models, such as YMW16, our

ethod will aid in estimating pulsar distances in directions where 
inematic methods ar e unr eliable or not possible, provide tighter
istance constraints, and ultimately improve Galactic electron 

ensity models. 
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