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A B S T R A C T 

Magnetic fields are fundamental to the dynamics of the interstellar medium (ISM) in spiral galaxies and are often separated into 

large-scale, regular (B ), and small-scale, random (b ) components. The thermal electron density, ne , can also be divided into 

large-scale, diffuse, 〈 ne 〉 , and small-scale, clumpy, δne , components. Estimating the properties of b and δne from observations, 
even within the Milky Way, has long been challenging. This work addresses the challenge using pulsars, which probe the 
Milky Way’s magneto-ionic medium. Using data of more than 1200 pulsars from the Australia Telescope National Facility 

pulsar catalogue, we combine dispersion (DM ) and rotation (RM ) measures with theoretical models to estimate both small- and 

large-scale properties of the Galactic magnetic field and thermal electron density. We find no significant correlation between the 
average parallel magnetic field strength, 〈 B‖ 〉 (μG) = 1 . 232 RM (rad m−2 ) /DM (pc cm−3 ), and pulsar distance. For pulsars within 

20 kpc , we estimate | B| ≈ 1 . 2μG and 〈 ne 〉 ≈ 0 . 05 cm 

−3 . More importantly, we determine correlation lengths of small-scale 
components, �b ≈ 20–30 pc and �δne ≈ 250–300 pc . At smaller distances, B remains roughly constant, while 〈 ne 〉 increases and 

both length scales decrease. These results refine our understanding of fundamental scales in the magneto-ionic medium, aiding 

the interpretation of extragalactic RM s and providing insights into the role of magnetic fields in galaxies. 

Key words: magnetic fields – plasmas – polarization – pulsars: general – ISM: magnetic fields – Galaxy: general. 
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 I N T RO D U C T I O N  

nderstanding the magnetic fields in our Milky Way is essential
or uncovering the astrophysical processes that shape its evolution.
hese fields play a pivotal role in regulating star formation (M.
. Krumholz & C. Federrath 2019 ; K. Pattle et al. 2023 ), guiding
osmic-ray propagation (A. Shukurov et al. 2017 ; M. Ruszkowski &
. Pfrommer 2023 ), and driving the dynamics of the interstellar gas

R. Shetty & E. C. Ostriker 2006 ; Planck Collaboration XIII 2016 ). 
Several observational probes are used to trace the magnetic fields

ithin the interstellar medium (ISM) of galaxies: optical polarization,
eeman splitting of spectral lines, polarized emission from dust and
olecules, polarized synchrotron emission, and Faraday rotation (U.
lein & A. Fletcher 2015 ). In general, each probe is useful for
robing different regions or phases of the ISM. For example, Faraday
otation probes the magnetic field in the diffuse, ionized ISM, while
ust polarization or Zeeman effect probes the colder, denser ISM
K. Ferrière 2020 ; S. Martin-Alvarez et al. 2024 ; A. Seta & N. M.

cClure-Griffiths 2025 ). 
Observationally, magnetic fields in spiral galaxies are divided

nto large-scale, regular (on scales of a few kpc ) and small-scale,
andom (on scales of � 100 pc ) components (R. Beck et al. 1996 ;
. Brandenburg & K. Subramanian 2005 ; R. Beck 2016 ; F. Rincon
019 ; A. Shukurov & K. Subramanian 2021 ). Similarly, the thermal
lectron density is also divided into large-scale, diffuse (on scales of
–2 kpc ) and small-scale, clumpy (on scales of a 10–100 pc , roughly
 E-mail: saakshidhakal46@gmail.com (SD), amit.seta@anu.edu.au (AS) 
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omparable to the size of H II regions) components (J. R. Jokipii & I.
erche 1969 ; J. W. Hartman et al. 1997 ; B. M. Gaensler et al. 2008 ;
. D. Savage & B. P. Wakker 2009 ; M. Azimlu, P. Barmby & R.
arciniak 2011 ; D. I. Jones, Igoshev & Haverkorn 2016 ). 
Despite the established importance of magnetic fields, uncertain-

ies persist regarding their exact role in galactic evolution, primar-
ly due to observational challenges in measuring field properties
n smaller scales. This work aims to address these uncertainties
y leveraging pulsar observations to refine our understanding of
he Milky Way’s magneto-ionic medium, focusing on the length
cale of the small-scale magnetic fields and thermal electron
ensities. 
Pulsars serve as ideal probes of the Galaxy’s magneto-ionic
edium (D. R. Lorimer & M. Kramer 2012 ) since they provide

ispersion and Faraday rotation measures, DM and RM , which can
e used to determine properties of both the thermal electron density
nd magnetic fields. For our analysis, we use DM , RM , and distance
o the pulsar, L , from the Australian Telescope National Facility
ATNF) Pulsar Catalogue (R. N. Manchester et al. 2005 , version
.4.0). Their widespread distribution across the Milky Way offers
reat coverage of diverse Galactic environments (R. J. Rand & S.
. Kulkarni 1989 ; J. L. Han et al. 2018 ). Although pulsar-based
easurements face challenges, particularly with distance estimation

J. P. W. Verbiest et al. 2012 ; R. Jansson & G. R. Farrar 2012 ; A.
oran et al. 2023 ; K. I. I. Koljonen et al. 2024 ; S. K. Ocker et al.

024 ), they remain crucial for mapping the magneto-ionic medium.
ere, we first describe RM and DM (Section 1.1 ) and then the
ethod to determine the average magnetic field strength along the

ulsar sightline from RM and DM (Section 1.2 ). 
© The Author(s) 2025.
y. This is an Open Access article distributed under the terms of the Creative
ch permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.
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.1 RM and DM from pulsars 

he dispersion measure (DM ) of a pulsar is derived from the broad-
ning of the observed pulse across a finite bandwidth. Physically, it
epresents the integral of the thermal electron density, ne , along the 
ine of sight from the pulsar to the observer (A. Hewish et al. 1968 ): 

DM 

1 pc cm 

−3 
=

∫ 

L 

ne 

1 cm 

−3 

d l 

1 pc 
, (1) 

here L is the total path length or equivalently the distance to the
ulsar. 
The rotation measure (RM ) quantifies the change in the polariza- 

ion angle, �θ , as light passes through the ISM: 

�θ

1 rad 
= RM 

1 rad m 

−2 

λ2 

1 m 

2 
, (2) 

here λ is the wavelength and RM is expressed as: 

RM 

1 rad m 

−2 = 0 . 812
∫ 

L 

ne 

1 cm 

−3 

B‖ 
1 μG 

d l 

1 pc 
, (3) 

here B‖ is the component of the magnetic field parallel to the line of
ight. By combining RM and DM , we can study the properties of the 
SM and map magnetic fields in the Milky Way (e.g. M. Haverkorn
015 ; J. L. Han 2017 ; Y. K. Ma et al. 2020 ). 

.2 Estimating average magnetic fields from RM and DM 

y using both RM and DM from pulsars observations, we can 
stimate the properties of magnetic fields within the Milky Way 
F. G. Smith 1968 ; R. N. Manchester 1972 , 1974 ; A. G. Lyne & F. G.
mith 1989 ; R. J. Rand & S. R. Kulkarni 1989 ; C. Indrani & A. A.
eshpande 1999 ; J. L. Han, R. N. Manchester & G. J. Qiao 1999 ; D.
itra et al. 2003 ; J. L. Han et al. 2006 , 2018 ; C. Sobey et al. 2019 ;
. Seta & C. Federrath 2021b ; C. P. Lee et al. 2024 ) 1 

The average magnetic field along the line of sight, 〈 B‖ 〉 , can be 
stimated as 

〈 B‖ 〉 
1 μG 

=

∫ 

L 

ne 

1 cm 

−3 

B‖ 
1 μG 

d l 

1 pc ∫ 

L 

ne 

1 cm 

−3 

d l 

1 pc 

= 1 . 232
RM / [1 rad m 

−2 ] 

DM / [1 pc cm 

−3 ] 
. (4) 

his equation assumes that the thermal electron density ( ne ) and the
agnetic field (B‖ ) are uncorrelated. If a correlation (or anticorrela- 

ion) exists, it could lead to an overestimation (or underestimation) 
f 〈 B‖ 〉 (R. Beck et al. 2003 ). Over large path lengths (on the order
f kiloparsecs), this assumption has been shown to hold true (A. 
eta & C. Federrath 2021b ). The effect of such a correlation (or
nticorrelation) on smaller scales might exist and can be included 
s a correction factor (R. Beck et al. 2003 ; A. Shukurov & K.
ubramanian 2021 ) but given that most pulsars are located at such

arge distances, we expect the effect to be negligible (consistent with 
. Seta & C. Federrath 2021b ). 
Estimating the magnetic field strength along the line of sight 

equires knowledge of both the path length (i.e. the distance to the
ulsar) and the scales over which the magnetic field varies. However, 
ulsar distances are often estimated indirectly via DM values, which 
ely on models of the Galaxy’s thermal electron density distribution. 
 Fast Radio Bursts (FRBs) can similarly be used to estimate extragalactic 
agnetic fields using their RM and DM values (T. Akahori, D. Ryu & B. M. 
aensler 2016 ; V. Ravi et al. 2016 ; J. X. Prochaska et al. 2019 ; S. Hackstein 

t al. 2019 ). 

t  

t  

l

n

t is also often very hard to estimate the magnetic field length scale,
specially for the small-scale magnetic field, which this work aims 
o determine. 

The primary models used to estimate pulsar distances are NE2001 
J. M. Cordes & T. J. W. Lazio 2002 ) and YMW16 (J. M. Yao
t al. 2017 ). Here, these DM -based distance estimates are referred 
o as LDM 

. The ATNF pulsar catalogue (R. N. Manchester et al.
005 ) primarily uses the YMW16 model (J. M. Yao et al. 2017 )
or 〈 ne 〉 , which, despite being derived from DM measurements, 
arries inherent uncertainties (J. P. W. Verbiest et al. 2012 ; A.
oran et al. 2023 ). This creates a circularity issue; the elec-

ron density model is constructed using DM values, which are 
hen used to estimate pulsar distances. To mitigate this, the cata-
ogue also includes independently determined distances for about 
50 pulsars based on parallax measurements (R. N. Manchester 
t al. 2005 , version 2.4.0: https://www.atnf.csiro.au/research/pulsar/ 
srcat). These independently determined distances are referred to 
s LInd . 

Our approach extends further and diverges from previous studies 
y simultaneously analysing small- and large-scale thermal electron 
ensities and magnetic fields. Our goal is to ascertain not only their
trengths but also the length scale of their small-scale components, 
b and �δne . We adopt and modify a method based on the approach
utlined in section IV.2. of A. A. Ruzmaikin, D. D. Sokoloff & A.
. Shukurov ( 1988 ). 
The rest of the paper is organized as follows. In Section 2 , we

escribe our methodology and our results are presented in Section 3 .
n Section 4 , we discuss our results, their implications, and the
ssumptions of the study. Finally, we summarize our work and 
onclude in Section 5 . 

 M E T H O D O L O G Y  

.1 Analysis of pulsar RM s 

s briefly discussed before, the total magnetic field in galaxies, B tot , 
an be divided into two components (see A. Seta & C. Federrath 2024 ,
or a method to separate the two components from RM observations): 
he large-scale component, which is coherent over kiloparsec scales 
B ) and the small-scale, random component, which varies over much 
maller scales (b ). The total magnetic field in galaxies can be written
s, 

B tot = B + b . (5) 

ere, we assume that the large- and small-scale magnetic field 
omponents are statistically independent of each other. We note 
hat the small-scale component b can be correlated with the large- 
cale field B because turbulence also tangles the large-scale field to 
enerate small-scale random fluctuations (J. F. Hollins et al. 2017 ; A.
eta & C. Federrath 2020 ; A. Shukurov & K. Subramanian 2021 ). In
ur analysis, however, we treat B and b as statistically independent 
s it allows a tractable separation of their contributions to RM . Given
he lack of analytical prescription for the B -b correlation due to the 
angling of the large-scale field, we neglect the contribution it may
ntroduce. 

To analyse the connection of these components individually with 
he observable, RM , we multiply both sides of equation ( 5 ) by the
hermal electron density ( ne ) and then take the projection along the
ine of sight as, 

e Btot , ‖ = ne B‖ + ne b‖ . (6) 
MNRAS 544, 2698–2712 (2025)
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To compute RM , we integrate both sides of equation () over the
ath length, L (here, equal to the distance to pulsar) as, ∫ 

L 

ne Btot , ‖ d l =
∫ 

L 

ne B‖ d l +
∫ 

L 

ne b‖ d l, (7) 

here B‖ is the parallel (line-of-sight) component of the large-scale
eld and b‖ is the parallel component of the small-scale field, which
ives, 

M = RM B + RM b , (8) 

here RM represents the observed RM associated with the total mag-
etic field and RM B and RM b represents that for each component. 
Adopting a simple model from section IV.2. of A. A. Ruzmaikin

t al. ( 1988 ), the contribution of the large-scale magnetic field for a
ingle point source like a pulsar is expressed as, 

M B = 0 . 812 B 〈 ne 〉 L cos 
(

B ·L 
BL 

)
, (9) 

= c0 L [ cos (Gb 0 ) cos (Gb ) cos (Gl − Gl 0 ) + sin (Gb 0 ) sin (Gb )] , (10) 

here 〈 ne 〉 is the mean electron density along the line of sight, L
s the distance to the pulsar, L is the vector joining the location of
he pulsar to us. The term c0 is defined as 0 . 812 〈 ne 〉 B. The galactic
oordinates, Gl and Gb , represent the pulsar’s position in the Galaxy,
hile Gl 0 and Gb 0 are coordinate reference parameters for the large-

cale magnetic field model. We note that this is an unidirectional
odel with direction (Gl 0 , Gb 0 ) and thus we primarily focus on the
agnitude of the estimated large-scale field, | B| , for our results. We

lso know that there is at least one large-scale magnetic field reversal
ear the Sagittarius spiral arm in the first Galactic quadrant (X. H.
un et al. 2008 ; C. L. Van Eck et al. 2011 ; R. Jansson & G. R.
arrar 2012 ; A. Ordog et al. 2017 ; J. L. Han et al. 2018 ) and the
ossible effects of this and potentially other reversals are discussed
n Sections 3.6 and 4.4 . 

We further note that, after adopting a model for the large-scale
agnetic field, a perturbation-type analysis assuming the effect of

he small-scale field as a weak perturbation to the large-scale field is
ot valid, since the observed strengths of the small-scale magnetic
eld, |b | , are typically comparable to or even exceed those of the

arge-scale field, |B | (M. Haverkorn 2015 ; R. Beck 2016 ). 
To proceed with the statistical analysis, we first examine the mean

f RM , denoted 〈RM 〉 . The mean of the total field can be expressed
s the sum of the large- and small-scale contributions, 

RM 〉 = RM B + 〈RM b 〉 , (11) 

here we have used that 〈RM B 〉 ≈ RM B (see equation 10 ). 
Given that the length scale of the small-scale component is

ignificantly smaller than the large-scale component and the distance
o the pulsar (of the order of kpc ) and assuming uncorrelated thermal
lectron density and magnetic fields, we can simplify ( 11 ) to 

RM b 〉 ≈ 0 and 〈RM 〉 ≈ RM B . (12) 

his implies that the total average RM is equal to the average RM of
he large-scale field, as the small-scale contribution averages out to
ero. 

We continue our statistical analysis by determining the variance
f RM or how much RM fluctuates. This is given by 

2 (RM ) = σ 2 (RM B ) + σ 2 (RM b ) . (13) 

ince most variations in RM along the line of sight are due to the
mall-scale, random magnetic field fluctuations, 

2 (RM B ) ≈ 0 and σ 2 (RM ) ≈ σ 2 (RM b ) . (14) 
NRAS 544, 2698–2712 (2025)
his implies that the RM fluctuations are primarily determined by
he small-scale magnetic field fluctuations. 

Now, we introduce the quantity, 

( l) = ne ( l) (B ( l) · ˆ L ) , (15) 

here ˆ L represents the unit vector along the line of sight and l denotes
istance along it from the pulsar. Using P( l), the mean and variance
f RM can be written as 

RM 〉 = 0 . 812
∫ 

L 

P( l ) d l (16) 

nd 

2 (RM ) = (0 . 812)2 
∫ 

L 

d l1 

∫ 

L 

d l2 
[
P ( l2 ) P ( l2 ) − P̄ ( l1 )P̄ ( l2 )

]
. (17) 

In equation ( 17 ), the overbars denote an ensemble or spatial
verage over realizations of the random magnetic field or electron
ensity along a line of sight, while the angular brackets 〈·〉 (e.g. in
quation 12 ) denote a statistical or expected value. In practice, both
veraging procedures are related, but we use overbars to indicate
 local or sample-based mean and angular brackets to indicate a
heoretical or global expectation value. 

Assuming that the small-scale field is homogeneous, the quantity
ithin the square bracket in equation ( 17 ) is a two-point correlation

unction C( l1 , l2 ). This is a crucial assumption that allows the
orrelation function to depend only on the distance between two
oints (this is also directly related to structure functions, described
n A. Seta et al. 2023 ), 

 = | l1 − l2 | . (18) 

After some algebra, equation ( 17 ) simplifies to, 

2 (RM ) = 2 c0 
2 

∫ 

L 

( L − s ) C( s ) d s . (19) 

This analysis assumes the presence of a characteristic scale of the
mall-scale field, �b (the typical size over which the small-scale
agnetic field remains correlated). When s � �b , the values of
( s1 ) and P( s2 ) are strongly correlated, resulting in larger values

f C( s). Conversely, for s � �b , P( s1 ) and P( s2 ) become effectively
ncorrelated, so that C( s) → 0. In physical terms, if two points along
he line of sight are separated by a distance smaller than �b , the

agnetic fields at those points are still related. If the distance between
hem is much larger than �b , the magnetic fields at those points no
onger exhibit measurable correlation. We emphasize that here we
re referring to the absence of correlation, which does not necessarily
mply full statistical independence. 

For a simple model, we assume correlation C( s) is represented by
n exponential function, 

( s) = C0 exp ( −s/�b ) , (20) 

here C0 is a dimension-less constant. This correlation decays over
 characteristic scale length, �b , which represents the typical size of
agnetic field structures or the scale of small-scale magnetic fields.
y adopting this exponential form, we can express the variance in
M (equation 17 ) that arises from small-scale magnetic fields (see
ppendix A1 for the full derivation) as, 

(RM ) = 21 / 2 c0 C0 
1 / 2 �b 

[
L/�b − 1 + exp ( −L/�b )

]1 / 2 
. (21) 

Now, since 〈RM 〉 ≈ RM B and σ (RM ) ≈ σ (RM b ), using equa-
ions ( 10 ) and ( 21 ), for each pulsar, we model the total observed RM
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s 

M = RM B + RM b 

= c0 L [cos (Gb 0 ) cos (Gb ) cos (Gl − Gl 0 ) 

+ sin (Gb 0 ) sin (Gb )] + [
L/�b − 1 + exp ( −L/�b )

]1 / 2 
εRM 

, 

(22) 

here εRM 

is a Gaussian random number picked from a distribution 
ith mean zero and standard deviation = 21 / 2 c0 C0 

1 / 2 �b to capture 
he contribution from the small-scale magnetic fields to the total 
bserved RM . 
The observed value of RM is now parametrized using four values 

c0 , Gl 0 , Gb 0 , and �b ) of the modelled small- and large-scale magnetic 
elds. Note that with each RM value, the location (Gl and Gb ) of 
nd distance ( L ) to each pulsar are known in equation ( 22 ). Given a
ample with N pulsars, to ensure 〈RM 〉 ≈ RM B and 〈RM 〉b ≈ 0, we 
inimize the combined contribution of the sum of all εRM 

s added 
n Gaussian quadrature to the observed RM , SRM 

, to determine the 
arameters, c0 , Gl 0 , Gb 0 , and �b , where SRM 

is given as, 

RM 

(c0 , Gl 0 , Gb 0 , �b ) = 

1 

N 

N ∑ 

i= 1 

( εRM 

)2 
i 

= 

1 

N 

N ∑ 

i= 1 

(
RM i − RM B ,i 

[ Li /�b − 1 + exp ( −Li /�b )]1 / 2 

)2

(2

here RM i and Li are the observed RM of and distance to the ith 
ulsar in the sample with a total of N pulsars and RM B ,i is the
ontribution of the large-scale field for the ith pulsar computed using 
quation ( 10 ). 

.2 Analysis of pulsar DM s 

imilar to the magnetic field decomposition, the thermal electron 
ensity can be separated into large- and small-scale components. The 
arge-scale part, 〈 ne 〉 , represents variations in the diffuse component 
arying over possibly larger kpc -sized ISM regions, while the small- 
cale fluctuations, δne , capture clumpy structures on scales of 10–
00s of pc and probably also localized enhancements near H II 

egions (size of H II regions varies over a wide range, 10–200 pc ,
ee M. Azimlu et al. 2011 ). This decomposition can be written as, 

e = 〈 ne 〉 + δne . (24) 

o compute the total DM we integrate both sides of equation ( 24 )
ver the distance L to the pulsar as ∫ 

L 

ne d l =
∫ 

L 
〈 ne 〉 d l +

∫ 
L 

δne d l, (25) 

M = DM 〈 ne 〉 + DM δne . (26) 

ere, DM 〈 ne 〉 represents the contribution from the large-scale, diffuse 
omponent of the thermal electron density, while DM δne captures the 
ontribution from small-scale fluctuations. 

Like we did with the RM s, our statistical analysis of DM begins 
ith their mean, 

DM 〉 = 〈DM 〈 ne 〉 〉 + 〈DM δne 〉 , (27) 

here 〈DM 〈 ne 〉 〉 represents the mean contribution from large-scale 
hermal electron density structures and 〈DM δne 〉 represents the 
uctuating contribution from small-scale thermal electron density. 
gain, we assume that 〈DM 〉 is primarily determined by 〈DM δne 〉 ,
ith 〈DM δne 〉 contributions being negligible in comparison (see J. 
. Jokipii & I. Lerche 1969 ; G. Nelemans et al. 1997 , for further
iscussion on this assumption). Thus, 

DM δne 〉 ≈ 0 and 〈DM 〉 ≈ 〈DM 〈 ne 〉 〉 . (28) 

urthermore, 

DM 〈 ne 〉 〉 = 〈 ne 〉 L. (29) 

Then computing the variance gives 

2 (DM ) = σ 2 (DM 〈 ne 〉 ) + σ 2 (DM δne ) . (30) 

ssuming that the σ 2 (DM ) is primarily due to the small-scale thermal 
lectron density, we get 

2 (DM 〈 ne 〉 ) ≈ 0 and σ 2 (DM ) ≈ σ 2 (DM δne ) . (31) 

he term σ 2 (DM ) ≈ σ 2 (DM δne ) is now modelled below. 
We now introduce, 

 ( l) = ne ( l) . (32) 

o model the total observed DM following the same approach as 
sed for the RM analysis in Section 2.1 , the variance of DM can be
xpressed as, 

2 (DM ) =
∫ 

L 

d l1 

∫ 

L 

d l2 
[
Q ( l1 ) Q ( l2 ) − Q̄ ( l1 )Q̄ ( l2 )

]
. (33) 

his can be further reduced in terms of the correlation function of
he small-scale thermal electron density as, 

2 (DM ) = 2 〈 ne 〉2 
∫ 

L 

( L − s ) C( s ) d s . (34) 

here C( s) represents the correlation function of the small-scale fluc-
uations. Assuming the familiar exponential decay for the correlation 
unction, 

( s) = C0 exp ( −s/�δne ) , (35) 

e obtain, 

2 (DM ) = 2 〈 ne 〉2 
[
L�δne + �2 

δne 

(−1 + exp ( −L/�δne )
)]

, (36) 

hich gives, 

(DM ) = 21 / 2 C0 
1 / 2 〈 ne 〉 �δne 

[
L/�δne − 1 + exp ( −L/�δne )

]1 / 2 
. (37) 

Thus, using equations ( 29 ) and ( 37 ), the observed total DM is
ritten as 

M = DM 〈 ne 〉 + σ (DM ) 

= 〈 ne 〉 L + [
L/�δne − 1 + exp ( −L/�δne )

]1 / 2 
ηDM 

, (38) 

here ηDM 

is a Gaussian random number picked from a distribution 
ith mean zero and standard deviation = 21 / 2 C0 

1 / 2 〈 ne 〉 �δne . 
The observed DM for a pulsar at a distance L is parametrized 

sing two values, 〈 ne 〉 and �δne , which are properties of the thermal
lectron density model. Given a sample of N pulsars, to ensure that
e minimize the combined contribution of the sum of all ηDM 

added
n Gaussian quadrature to the observed DM , SDM 

, to determine the 
arameters, 〈 ne 〉 and �δne , where SDM 

is given as, 

DM 

( 〈 ne 〉 , �δne ) = 

1 

N 

N ∑ 

i= 1 

( ηDM 

)2 
i 

= 

1 

N 

N ∑ 

i= 1 

(
DM i − DM 〈 ne 〉 ,i 

[ Li /�δne − 1 + exp ( −Li /�δne )]1 / 2 

)2 

, 

(39) 
MNRAS 544, 2698–2712 (2025)
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Figure 1. Comparison of three different correlation functions, C1 , C2 , and C3 

(forms in the legend), as functions of the separation distance, s, in pc with a 
characteristic scale length, � = 10 pc and the dimensionless constant, C0 = 1. 
All the correlation functions start from 1 at s = 0 and approach 0 (dashed, 
black line) as s → ∞ . C2 goes to zero at a smaller separation than C1 and C3 

allows the correlation to be negative before approaching zero. This illustrates 
the distinct behaviours of each correlation function at different separation 
distances, emphasizing their functional forms, relative amplitudes, and decay 
rates (see Section 2.3 for further discussion on differences). 
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here DM i and Li are the observed DM of and distance to the ith
ulsar in the sample, respectively. DM 〈 ne 〉 ,i represents the large-scale
hermal electron density contribution to the DM for the ith pulsar,
M i , which is calculated using equation ( 29 ). 

.3 Correlation functions 

ne of the crucial assumptions in our statistical analysis is the
hoice of the correlation function for the small-scale components,
 and δne . Though A. A. Ruzmaikin et al. ( 1988 ) used only an
xponentially decaying function (e.g. equation 20 ), motivated by
agnetic field correlation functions obtained from the results of

urbulent magnetohydrodynamic simulations of the ISM (J. F. Hollins
t al. 2017 ), we use the following three correlation functions for both
he RM and DM analysis, 

C1 ( s) = C0 exp ( −s/� ) , 

C2 ( s) = C0 exp ( −s2 / (2 �2 )) , 

C3 ( s) = C0 exp ( −s /� ) cos ( s /� ) , 

(40) 

here s denotes separation (equation 18 ), � is the characteristic length
cale (either �b or �δne ), and C0 is a dimension-less constant. For a
ypical length scale, � = 10 pc , Fig. 1 shows how all three correlation
unctions depend on the separation, s. 

For all three cases, the correlation is high at smaller separations
nd goes to zero at large separations, but the differences capture
ossible expected variations in the ISM (see J. F. Hollins et al.
017 , for further details). For example, the first two functions
re decaying but C2 decays faster than C1 (compare blue and red
ines in Fig. 1 ). Also, C1 and C2 model simple attenuation with
eparation, while the combination of an exponential decay with a
osine term in C3 allows the correlation to be negative and still
ounce back to zero at larger distances. This anticorrelation in C3 

an arise naturally from the solenoidal property of magnetic fields
NRAS 544, 2698–2712 (2025)
see section 8.IV in Y. Zeldovich et al. 1986 ). Furthermore, for C3 ,
he same scale is used in both the exponential and cosine terms.
his scale is close to the correlation length of the random fields
nd, for the magnetic fields, this form of the correlation function
ssumes that typical field lines close within one correlation length.
uch an approach provides a potentially more flexible representation
f the small-scale components, enhancing our ability to model the
omplexities expected in the magnetic fields and thermal electron
ensity distributions. 
For each correlation function, the expressions used to compute

he residual sums, SRM 

(equation 23 ) and SDM 

(equation 39 ), are
erived analytically in Appendix A . Importantly, the last term in the
enominator of these expressions, which reflects the contribution of
he small-scale fluctuations, is explicitly modified depending on the
hosen correlation function. This ensures that SRM 

and SDM 

correctly
ccount for the different functional forms, whether C1 , C2 , or C3 . Our
ethod remains fully analytical up to this point, which also motivates

he choice of these three correlation functions, as each allows for a
losed-form expression suitable for residual sums and subsequent
umerical minimization (described in the next subsection). 

.4 Minimization 

ssuming various possible values of �b and observational data
or 27 pulsars, A. A. Ruzmaikin et al. ( 1988 ) used analytical
inimization for parameters Gl 0 (assuming Gb 0 = 0◦), 〈 ne 〉 , and
. For our analysis, we use the LMFIT library (M. Newville et al.
015 ) for numerical minimization (including non-linear methods). In
ppendix B , we replicated their work on the original data set using
ur method. Here, we expand the method using our larger data set
N ∼ 3000 for DM and N ∼ 1300 for RM ), extending minimization
o include all parameters (Gl 0 , Gb 0 , 〈 ne 〉 , B, �δne , and �b ) and for all
hree correlation functions given in Section 2.3 . 

However, this approach yielded an excessively low reduced chi-
quared value (χ2 � 1), indicating overfitting. Adjustments with
arying correlation functions (Section 2.3 ) did not improve χ2 

ignificantly, suggesting that our data set size may not yet support the
ull parameter set. Thus, we fixed �b and �δne at pre-defined scales,
terating over � values from 0 . 1 pc to 1 kpc as 

 [pc ] = [0 . 1 , 1 , 5 , 10 , 15 , 20 , 25 , 30 , 50 , 100 , 200 , 250 , 500 , 1000] .

or each � , we applied numerical least-squares minimization for Gl 0 ,
b 0 , 〈 ne 〉 , and B, assessing fit quality with χ2 . Then we interpolated
2 to refine �b and �δne estimates, identifying scales where χ2 

pproaches 1, optimizing Gl 0 , Gb 0 , 〈 ne 〉 , and B. 
To quantify uncertainties, we employed a Monte Carlo-type

pproach, perturbing RM and DM data up to 30 000 times based
n observational errors (RM ERR and DM ERR ) and distance uncer-
ainties (if available). Each perturbed data set was fit and parameter
ncertainties were estimated as the difference between the 84th and
6th percentiles. 

.5 Data 

he data for this work was sourced from the ATNF pulsar catalogue
R. N. Manchester et al. 2005 , version 2.4.0, https://www.atnf.csiro.
u/research/pulsar/psrcat). We restricted the data set to pulsars within
he Milky Way, specifically those with distances ≤ 20 kpc . The
rimary parameters of interest include: 

(i) Gl : Galactic longitude (◦) 
(ii) Gb : Galactic latitude (◦) 
(iii) RM : Rotation measure (rad m−2 ) 

https://www.atnf.csiro.au/research/pulsar/psrcat
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Figure 2. Pulsar data, RM (a, c) and DM (b, d), for both data sets, LDM 

≤ 20 kpc (a, b) and LInd (c, d) with spiral arm model used in the NE2001 thermal 
electron density model (J. M. Cordes & T. J. W. Lazio 2002 ). As expected, most detected pulsars are concentrated around the Sun and thus the surrounding area 
is more sampled by the data. Our statistical analysis is, by extension, probing those regions more compared to the other parts of the Milky Way. 
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(iv) DM : Dispersion measure (pc cm 

−3 ) 
(v) LDM 

: Distance to the pulsar based on the electron density 
odel by J. M. Yao et al. ( 2017 ) (kpc ) 
(vi) LInd : Independently determined distance to the pulsar (kpc ) 

The data set includes 3077 entries with both DM and LDM 

values, 
hile RM measurements are available only for 1290 pulsars. The 

ubset of pulsars with independent distance estimates (LInd ) includes 
75 entries with DM values and 218 of these have RM values. It is 
lso important to note that the parameters RM , DM , and LInd have 
ymmetric errors associated with them [we note that LInd might have 
symmetric errors for some of the pulsars, see A. T. Deller et al.
 2019 ), but they are currently not included in the version 2.4.0 of
he ATNF pulsar catalogue], while the relative errors in Gl and Gb 
omputed from corresponding right ascension and declination are 
egligible, and LDM 

do not have any reported errors in the data set. 

 RESULTS  

.1 Distribution of data 

.1.1 Pulsar distribution with spiral arms 

ig. 2 shows the distribution of pulsar data with spiral arms taken
rom the model used in the NE2001 thermal electron density model
J. M. Cordes & T. J. W. Lazio 2002 ). Most pulsars lie closer to the
MNRAS 544, 2698–2712 (2025)
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Figure 3. Distribution of data for RM , DM , and LDM 

. Panels (a), (b), and (c) illustrate the histograms of RM , DM , and LDM 

, respectively. All distributions 
observe moderate skewness except (b), which is more symmetric. In all figures, we also observe a K > 0, suggesting that the data exhibits features of a 
non-normal distribution. 

Figure 4. Same as Fig. 3 but for LInd . Here too, except RM , both distributions show skewness ( S). Based on the computed kurtosis ( K), all distributions show 

non-normal traits (note the negative K for LInd , which is probably due to a smaller number of samples in the histogram). 
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un and thus our statistical analysis, detailed in Section 2 , is more
ensitive to this part of the Milky Way compared to others. We also
ote that some of the distances in the LDM 

sample can actually be
ncorrect and some of the pulsars can be closer than given by LDM 

K. I. I. Koljonen et al. 2024 ; S. K. Ocker et al. 2024 ). This is also the
eason we perform a parallel analysis with the LInd sample but there
he sample size is significantly smaller (by a factor of ≈ 6) compared
o the LDM 

sample and the LInd data set has even sparser sampling as
een in Figs. 2 (c) and (d). Thus, for completeness, we provide and
iscuss results for both samples. 

.1.2 Distance distribution: LDM 

and LInd 

igs. 3 (a) and 4 (a) present histograms for the data sets LDM 

and
Ind , respectively. The mean value for LDM 

is measured at (4 . 65 ±
 . 06) kpc , with a standard deviation of (3 . 17 ± 0 . 04) kpc . In contrast,
Ind exhibits a higher mean of (5 . 05 ± 0 . 17) kpc , accompanied by a

elatively larger error and a standard deviation of (3 . 29 ± 0 . 12) kpc .
o further analyse the distributions, we calculated skewness ( S)
nd kurtosis ( K). High skewness is indicated by | S| > 1, moderate
kewness by 0 . 5 < | S| ≤ 1, and approximate symmetry by | S| ≤
 . 5. A K near 0 suggests a Gaussian distribution, while values above
 indicate non-Gaussian distributions with heavy tails. 
For the LDM 

data set, we observe moderate S and non-normal
ehaviour with K > 0, suggesting that the distribution deviates from
ormality. In contrast, the LInd data set shows an approximately
ymmetrical distribution ( S < 0 . 5) but also exhibits non-normal
haracteristics ( K > 0). 

.1.3 RM distributions 

igs. 3 (b) and 4 (b) show the distribution for the RM s of the data
ets, LDM 

and LInd , respectively. The mean value for the RM subset
NRAS 544, 2698–2712 (2025)
f LDM 

is measured at (23 . 59 ± 3 . 37) rad m−2 , with a large standard
eviation of (124 . 01 ± 2 . 38) rad m−2 . In comparison, the LInd data
et shows a higher mean of (36 . 37 ± 7 . 61) rad m−2 and large standard
eviation of (117 . 91 ± 5 . 39) rad m−2 . 
Both histograms indicate minimal S (more or less symmetric

istribution) and K > 0, suggesting heavy tails relative to a normal
istribution. These characteristics imply that the data exhibit non-
ormal distribution traits. This is particularly noteworthy for RM , as
he observed deviations suggest that the simple random walk model
see section 3.2 in A. Seta & C. Federrath 2021b ) may not adequately
apture the complexities of the Milky Way’s magnetic field and the
SM. Instead, a more nuanced approach that considers factors such
s magnetic field inhomogeneities and non-uniform electron density
ay be necessary for accurately describing the RM distribution.
he non-normal characteristics observed likely stem from several
nderlying physical factors, which are discussed in Section 4.2 . 

.1.4 DM distributions 

igs. 3 (c) and 4 (c) present histograms for the DM s of the data sets
DM 

and LInd , respectively. The mean value for the DM subset of LDM 

s measured at (195 . 29 ± 3 . 18) pc cm 

−3 , accompanied by a very large
tandard deviation of (173 . 92 ± 2 . 25) pc cm 

−3 . In contrast, the LInd 

ata set shows a smaller mean of (114 . 76 ± 5 . 28) pc cm 

−3 , with a cor-
espondingly smaller standard deviation of (102 . 29 ± 3 . 74) pc cm 

−3 .
Upon examining the distributions, we observe a significant right

kewness, indicating a tendency for higher values. Moreover, the K
alues for both data sets are observed to be > 0, suggesting non-
ormal distributions. This non-normality is expected, as DM along
he line of sight will be influenced by various astrophysical factors,
uch as variations in electron density due to different structures
uch as bubbles, filaments, and other features that can influence the
ispersion measure, causing deviations from a normal distribution
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Figure 5. (a) A log–log plot of |RM | versus DM for the LDM 

data set, with a linear fit in the log–log space shown as the red dashed line and the one-sigma 
deviations are shown as a pink band around it. The best-fitting line is given by |RM | = (1 . 12 ± 0 . 68) DM 

(0 . 86 ±0 . 14) . (b) A plot of the absolute value of the 
average parallel magnetic field |〈 B‖ 〉| versus distance, calculated using ( 4 ). The best-fitting line is shown as the red dashed line with one-sigma deviations as 
a pink band around it. The best-fitting line is given by |〈 B‖ 〉 | = ( −0 . 02 ± 0 . 01) LDM 

+ (1 . 23 ± 0 . 02). From these results, we conclude that |RM | ∝ DM and 
|〈 B‖ 〉 | ∝ L0 

DM 

. From (b), on an average, |〈 B‖ 〉 || ≈ 1 . 2μG (intercept of the fitted line). 

Figure 6. Same as Fig. 5 but for the LInd data set. Here, |RM | = (0 . 62 ± 1 . 01) DM 

(1 . 00 ±0 . 26) and |〈 B‖ 〉 | = ( −0 . 09 ± 0 . 01) LInd + (1 . 50 ± 0 . 09). The conclusion 
that |RM | ∝ DM and |〈 B‖ 〉 | are independent of the distance to the pulsar also roughly remains the same (although the level of uncertainties is higher given the 
smaller size of the data). For this data set, on average, |〈 B‖ 〉 | ≈ 1 . 5μG . 
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long the line of sight (A. A. Ruzmaikin et al. 1988 ; J. M. Cordes &
. J. W. Lazio 2002 ). 

.2 Parameter relationships: |RM | versus DM and 〈B‖ 〉 versus 
istance 

igs. 5 (a) and 6 (a) present scatter plots (blue points) showing
he absolute value of RM s and DM s for pulsars, including their 
ssociated uncertainties. Notably, the data set comprises 1290 pulsars 
or LDM 

and 218 for LInd . The best-fitting line for the LDM 

data set is
iven by |RM | = (1 . 12 ± 0 . 68) DM 

(0 . 86 ±0 . 14) , while for the LInd data
et, it is |RM | = (0 . 62 ± 1 . 01) DM 

(1 . 01 ±0 . 26) . Both fits are consistent
ith a nearly linear scaling, |RM | ∝ DM , which reflects the fact 
hat the DM -dependence of RM is primarily set by fluctuations in 
he thermal electron density along the line of sight. If variations in
he magnetic field dominated, we would expect a weaker or more
cattered correlation. 

Next, we examine the relationship between the distance to the 
ulsar and the estimated average magnetic field strength ( |〈 B‖ 〉 | =
 . 232 |RM | /DM ) in Fig. 5 (b) for LDM 

and Fig. 6 (b) for LInd .
he best-fitting line for the LDM 

data set is given by |〈 B‖ 〉 | =
 −0 . 02 ± 0 . 01) LInd + (1 . 23 ± 0 . 02), while for the LInd data set, it
s |〈 B‖ 〉 | = ( −0 . 09 ± 0 . 01) LInd + (1 . 50 ± 0 . 09). In both cases, the
ntercepts (1.2 and 1 . 5μG ) represent the average magnetic field
trength, suggesting potentially an intrinsic baseline contribution 
rom the large-scale Galactic field. Both slopes are close to zero,
MNRAS 544, 2698–2712 (2025)
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Table 1. Summary of results for various data sets categorized by the distance condition, including LDM 

≤ 1 kpc , LDM 

≤ 2 kpc , LDM 

≤ 5 kpc , LDM 

≤ 20 kpc , 
and LInd . Each distance condition is analysed using three correlation functions, C1 , C2 , and C3 . The table presents the number of data points ( N ) and the derived 
parameters, including c0 , Gl 0 , Gb 0 , and �b , along with their associated uncertainties. The parameters c0 , Gl 0 , Gb 0 , and �b exhibit slight variations with distance, 
particularly a decrease in c0 with increasing distance (up to 5 kpc ) and an increase in �b over the same range is observed. The results for the LInd data set 
are significantly different from others (except for the LDM 

≤ 1 kpc case, where they are more similar). Additionally, within uncertainities, C1 , C2 , and C3 give 
similar �b values across distances. 

Data set N C ( s ) c0 (cm 

−3 μG ) Gl 0 (◦) Gb 0 (◦) �b (pc ) 

LDM 

≤ 1 kpc 165 C1 0.06 ± 0.03 124 ± 29 51 ± 19 11 ± 5 
LDM 

≤ 1 kpc 165 C2 0.06 ± 0.03 124 ± 29 50 ± 19 14 ± 5 
LDM 

≤ 1 kpc 165 C3 0.06 ± 0.03 125 ± 31 54 ± 19 12 ± 5 
LDM 

≤ 2 kpc 397 C1 0.04 ± 0.01 119 ± 27 65 ± 12 35 ± 14 
LDM 

≤ 2 kpc 397 C2 0.04 ± 0.01 119 ± 26 65 ± 12 44 ± 14 
LDM 

≤ 2 kpc 397 C3 0.04 ± 0.01 111 ± 28 66 ± 13 40 ± 14 
LDM 

≤ 5 kpc 936 C1 0.05 ± 0.01 122 ± 10 66 ± 10 47 ± 17 
LDM 

≤ 5 kpc 936 C2 0.05 ± 0.01 123 ± 10 65 ± 10 57 ± 17 
LDM 

≤ 5 kpc 936 C3 0.04 ± 0.01 125 ± 11 65 ± 11 51 ± 17 
LDM 

≤ 20 kpc 1290 C1 0.05 ± 0.02 192 ± 9 36 ± 33 18 ± 8 
LDM 

≤ 20 kpc 1290 C2 0.05 ± 0.02 192 ± 9 36 ± 33 22 ± 8 
LDM 

≤ 20 kpc 1290 C3 0.05 ± 0.02 192 ± 9 36 ± 34 18 ± 8 
LInd 218 C1 0.07 ± 0.02 133 ± 9 18 ± 30 4 ± 1 
LInd 218 C2 0.07 ± 0.02 134 ± 9 18 ± 31 5 ± 1 
LInd 218 C3 0.07 ± 0.02 134 ± 9 18 ± 30 4 ± 1 

i  

s  

a  

o  

s  

fi  

a  

t
 

d  

i  

fl  

c  

v  

i  

w  

s  

B  

u  

w

3

T  

a  

s  

�

 

f  

s  

c
 

s  

(  

�  

t  

e

 

m  

m  

m  

e  

t  

t
 

a  

a  

c  

l  

G  

fi
 

a  

a  

v  

2  

a  

t  

a  

e

2  

v  

n  

i  

i
 

a  

f

3
d

F  

n  

T  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/544/3/2698/8294170 by guest on 17 February 2026
ndicating no significant connection between |〈 B‖ 〉 | and distance,
uggesting that the average magnetic field strength remains consistent
cross the sampled pulsars, independent of the distance. However, the
bserved lack of significant correlation between 〈 B‖ 〉 and distance
hould not be taken as evidence of a uniformly strong magnetic
eld across all distances. Rather, this result likely stems from the
veraging effect of integrating over large path lengths, which tends
o smooth out smaller scale variations in the magnetic field. 

However, this somewhat ‘synthetic’ uniformity over large kpc
istances points to the importance of focusing on small-scale, local-
zed variations within the magneto-ionic medium, where small-scale
uctuations become more prominent. These small-scale structures
an often be masked by the large-scale averaging, but they play a
ery important role in shaping the overall behaviour of the magneto-
onic medium. This highlights the core methodology and aim of our
ork, to examine both the properties of the large-scale field and

mall-scale structures within the magneto-ionic medium together.
y determining the correlation lengths, �b and �δne , we can better
nderstand the scale and impact of these small-scale variations,
hich are often masked in other analyses in the literature. 

.3 Table of results: LDM 

≤ 20 kpc 

he LDM 

≤ 20 kpc data set contains the largest number of pulsars
nd serves as the reference point for our analysis. One of the most
ignificant findings is the difference in the correlation lengths, �b and
δne , across the different correlation functions. 

The magnetic field correlation length, �b , ranges from (18 ± 8) pc
or C1 and C3 to (22 ± 8) pc for C2 . This indicates that small-
cale magnetic fields are correlated over significantly short distances
ompared to the distance to the pulsar. 

In contrast, the thermal electron density correlation length, �δne , is
ignificantly larger. For C1 , �δne is (251 ± 12) pc , with C2 extending to
305 ± 12) pc , and C3 yielding (291 ± 12) pc . This difference, where
b ranges from 18 to 22 pc while �δne spans 251 to 305 pc , reveals
hat small-scale thermal electron density structures are much more
xtended, compared to the small-scale magnetic field structures. 
NRAS 544, 2698–2712 (2025)
The results show a fundamental difference in the scales at which
agnetic fields and electron densities shape the magneto-ionic
edium and the related radio observables. Magnetic fields have a
ore localized influence, while thermal electron density fluctuations

xtend across much larger scales. Recognizing and distinguishing
hese distinct scales is crucial for accurately interpreting RM from ex-
ragalactic sources and the dynamics of the magneto-ionic medium. 

Moving to other parameters, the value of c0 remains consistent
cross all three correlation functions (C1 , C2 , and C3 ), averaging
round (0 . 05 ± 0 . 02) cm 

−3 μG , as shown in Table 1 . The galactic
oordinates Gl 0 and Gb 0 , which serve as reference points for the
arge-scale magnetic field models, stabilize around (192 ± 9) ◦ for
l 0 and (36 ± 33) ◦ for Gb 0 , indicating that the large-scale magnetic
eld reference point is consistent across the correlation functions. 
The average electron density, 〈 ne 〉 , also remains very stable across

ll correlation functions for LDM 

≤ 20 kpc , with values consistently
round (0 . 055 ± 0 . 001) cm 

−3 , as shown in Table 2 . This agrees with
alues in the literature (B. M. Gaensler et al. 2008 ; J. M. Yao et al.
017 ). The small error bars represent formal statistical uncertainties
nd do not include systematic effects from model assumptions,
hough the similar estimate with different distances may still imply
 converged solution for the magnitude of the large-scale thermal
lectron density. 

The calculated large-scale magnetic field strength, | B| , for LDM 

≤
0 kpc remains consistent across all correlation functions, with a
alue of approximately 1 . 2 ± 0 . 5μG for C1 , C2 , and C3 . It should be
oted that B has large error bars, which is largely due to uncertainties
n the parameter c0 , which stems from the relatively high uncertainty
n RM observations compared to DM . 

The main results obtained from our study are given in Tables 1 , 2 ,
nd 3 . Here, we discuss the interesting trends and important points
rom those results. 

.4 Accounting for non-Gaussianity in RM and DM 

istributions 

igs. 3 and 4 show that both the RM and DM distributions are
on-Gaussian, with kurtosis ( K) significantly greater than zero.
o assess the sensitivity of our results to this non-Gaussianity,
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Table 2. The results and errors for 〈 ne 〉 and �δne , categorized by the distance 
conditions: LDM 

≤ 1 kpc , LDM 

≤ 2 kpc , LDM 

≤ 5 kpc , LDM 

≤ 20 kpc , and 
LInd . Similar to Table 1 , the parameter 〈 ne 〉 remains consistent across 
correlation functions, while �δne shows greater variation. Notably, 〈 ne 〉 
increases with distance up to 5 kpc . As in Table 1 , the results for the LInd data 
set are significantly different except for the LDM 

≤ 1 kpc case. 

Data set N C ( s ) 〈 ne 〉 (cm 

−3 ) �δne (pc ) 

LDM 

≤ 1 kpc 268 C1 0.106 ± 0.004 31 ± 10 
LDM 

≤ 1 kpc 268 C2 0.106 ± 0.004 37 ± 10 
LDM 

≤ 1 kpc 268 C3 0.104 ± 0.004 34 ± 10 
LDM 

≤ 2 kpc 693 C1 0.069 ± 0.002 89 ± 10 
LDM 

≤ 2 kpc 693 C2 0.069 ± 0.002 114 ± 10 
LDM 

≤ 2 kpc 693 C3 0.063 ± 0.002 115 ± 10 
LDM 

≤ 5 kpc 1898 C1 0.060 ± 0.001 178 ± 4 
LDM 

≤ 5 kpc 1898 C2 0.060 ± 0.001 250 ± 4 
LDM 

≤ 5 kpc 1898 C3 0.057 ± 0.001 252 ± 4 
LDM 

≤ 20 kpc 3077 C1 0.055 ± 0.001 251 ± 12 
LDM 

≤ 20 kpc 3077 C2 0.054 ± 0.001 305 ± 12 
LDM 

≤ 20 kpc 3077 C3 0.053 ± 0.001 291 ± 12 
LInd 375 C1 0.033 ± 0.002 35 ± 15 
LInd 375 C2 0.033 ± 0.002 60 ± 15 
LInd 375 C3 0.033 ± 0.002 39 ± 15 

Table 3. Large-scale magnetic field strength, | B| , along with their deter- 
mined uncertainties for distance conditions: LDM 

≤ 1 kpc , LDM 

≤ 2 kpc , 
LDM 

≤ 5 kpc , LDM 

≤ 20 kpc , and LInd , and are further divided into three 
correlation functions, C1 , C2 , and C3 . The form of the correlation function 
does not play a major role in the derived large-scale magnetic field strengths. 
Notably, | B| tends to increase slightly with distance, and the values for the 
LInd data set are higher than those for LDM 

. This discrepancy suggests a 
potential bias in the sample with independently determined pulsar distances. 

Data set C ( s ) | B| (μG ) 

LDM 

≤ 1 kpc C1 0.7 ± 0.3 
LDM 

≤ 1 kpc C2 0.7 ± 0.3 
LDM 

≤ 1 kpc C3 0.7 ± 0.3 
LDM 

≤ 2 kpc C1 0.8 ± 0.3 
LDM 

≤ 2 kpc C2 0.8 ± 0.3 
LDM 

≤ 2 kpc C3 0.8 ± 0.3 
LDM 

≤ 5 kpc C1 0.9 ± 0.3 
LDM 

≤ 5 kpc C2 0.9 ± 0.3 
LDM 

≤ 5 kpc C3 0.9 ± 0.3 
LDM 

≤ 20 kpc C1 1.2 ± 0.5 
LDM 

≤ 20 kpc C2 1.2 ± 0.5 
LDM 

≤ 20 kpc C3 1.2 ± 0.5 
LInd C1 2.7 ± 0.6 
LInd C2 2.5 ± 0.6 
LInd C3 2.6 ± 0.6 
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e draw εRM 

in equation ( 22 ) and ηDM 

in equation ( 38 ) from
andom, non-Gaussian distributions (also, always making sure that 
M > 0 pc cm 

−3 ). These non-Gaussian distributions are generated 
sing the Fleishman transformation (A. I. Fleishman 1978 ), which 
llows us to set the skewness and kurtosis while preserving the 
mpirical mean and standard deviation of the data. For both RM 

nd DM , we set the skewness to zero, consistent with the near- 
ymmetric observed distributions, and tested our method across a 
ange of kurtosis values ( κ = 0 , 0 . 1 , 1 , 2 , 5). For each κ , we repeated
he full parameter estimation procedure outlined in Sections 2.1 –2.4 . 

We find that the fitted parameters, in particular c0 , �b , and 
δne , remain consistent with those obtained under the Gaussian 
ssumption, within their respective uncertainties. This demonstrates 
hat our results are robust to deviations from Gaussianity in the RM
nd DM distributions. The results for the non-Gaussian distributions 
re presented and further discussed in Appendix C . 

.5 Impact of distance on c0 , Gl 0 , Gb 0 , and �b 

riginally, we wanted to study how different parts of the Milky Way
nfluence the properties of the magnetic field and thermal electron 
ensity, especially �b and �δne . Focusing our attention mainly on 
he Galactic disc, where most of the gas and star-forming activity
s expected, we tried to isolate these effects by limiting the data set
nly to Gb values between −5◦ and + 5◦. However, with a limited 
umber of pulsars (N = 120) in this range, we were unable to obtain
tatistically robust fits. 

We also attempted to separate the pulsar sample into longitude- 
ased subsamples: one roughly aligned with the local spiral arms 
85◦ ≤ Gl ≤ 95◦ and 265◦ ≤ Gl ≤ 275◦), which should predomi- 
antly probe the local large-scale magnetic field and one in the
erpendicular direction (355◦ ≤ Gl ≤ 5◦ and 175◦ ≤ Gl ≤ 185◦), 
hich should be more sensitive to the random component of the
agnetic field. Unfortunately, the available number of pulsars in 

hese restricted regions ( N = 49 and N = 115, respectively) was too
mall to obtain statistically converged results. 

We therefore focused in this paper on the broader distance-limited 
amples (1, 2, 5, and 20 kpc ), which provide statistically stable 
nd converged estimates of the magnetic field and electron density 
arameters. None the less, the subsample analysis highlights the 
imitations of current data sets in probing localized magnetic field 
tructures. Future surveys, particularly with SKA (E. Keane et al. 
015 ), are expected to provide much larger and more uniformly
istributed pulsar samples, at which point such region-specific 
nalyses will become feasible and yield more localized constraints 
n the Galactic magnetic field. 
The results in Table 1 reveal an interesting trend in the magnetic

eld parameters as a function of the cutoff distance to the pulsars.
he correlation length �b shows variation with distance, suggesting 

he influence of different ISM regions on the correlation length. 
or LDM 

≤ 2 kpc , �b values increase, reaching (35 ± 14) pc for 
1 , (44 ± 14) pc for C2 , and (40 ± 14) pc for C3 . As the distance 
xtends to LDM 

≤ 5 kpc , �b values continue to increase, with �b 

eaching (47 ± 17) pc for C1 , (57 ± 167 pc for C2 , and (51 ± 17) pc 
or C3 . These larger �b values may indicate regions where the 
agnetic field is more coherent and less random, suggesting that 

he ISM’s large-scale structure becomes more prominent as the 
ightline extends through different ISM environments, including 
ore quiescent regions or spiral arms. A caveat could also be that with
 decreasing number of pulsars in the data set with smaller distances
 N ), the separation between the small- and large-scale might not be
s good, potentially contaminating the estimated �b . Furthermore, 
he significant differences in some parameters for LDM 

≤ 5 kpc and 
DM 

≤ 20 kpc may be due to contributions from the known large- 
cale magnetic field reversal, which affects the RM s of distant 
ulsars. In addition, some of these pulsars probe distant regions 
ithin the same spiral arm, where the line-of-sight magnetic field 

ould be opposite to that in the nearby part of the arm. 
We note that although some inferred values of Gb 0 in Table 1 

ppear large, their uncertainties are substantial, particularly for larger 
istance cuts (e.g. LDM 

≤ 20 , kpc ). Within these uncertainties, the 
esults remain consistent with Gb 0 close to 0

◦
, in agreement with 

he established view that the Galactic magnetic field lies largely 
arallel to the plane (J. L. Han 2017 ). At smaller distances, the scatter
n Gb 0 reflects the reduced number of pulsars and limited line-of- 
MNRAS 544, 2698–2712 (2025)
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ight coverage, and we therefore interpret the apparent variations as
ampling effects rather than evidence of a significant vertical field. 

The inferred Gl 0 values also differ somewhat from earlier pulsar-
nd extragalactic source-based studies. These shifts primarily occur
ecause our analysis simultaneously models both large- and small-
cale components using a larger pulsar data set, which can alter
he best-fitting orientation. None the less, our results are broadly
onsistent within uncertainties, complementing earlier estimates
nd highlighting the influence of different data sets and modelling
pproaches. 

.6 Impact of distance on 〈ne 〉, �δne , and | B| 
he correlation length �δne shows significant variability with dis-

ance. At shorter distances (LDM 

≤ 1 kpc ), �δne values range from 31
o 37 pc , indicating the influence of smaller scale structures. However,
s the distance extends to LDM 

≤ 5 kpc , �δne increases dramatically to
ver ∼ 250 pc , suggesting that the magneto-ionic structures become
ore correlated over larger spatial scales at greater distances. 
In contrast, the average electron density 〈 ne 〉 , remains relatively

table across different distances. At shorter distances (LDM 

≤ 1 kpc ),
 ne 〉 is around 0 . 106 ± 0 . 004 cm 

−3 , gradually decreasing to 0 . 060 ±
 . 001 cm 

−3 by LDM 

≤ 5 kpc . This steady decline reflects the more
iffuse nature of the magneto-ionic medium at greater distances. 
Magnetic field strength, | B| , derived from c0 and 〈 ne 〉 , remains

onsistent across the sampled distances, averaging around 1 . 2 ±
 . 5μG up to LDM 

≤ 20 kpc . Although, for all cases, the uncertainties
re significant ( ≈ 30–40 per cent ) but this remains true across all
he sampled distances for the LDM 

data set. The value of ≈ 1μG
s broadly consistent with that inferred from polarized synchrotron
mission observations (R. Beck 2016 ). 

.7 Data set variations: LDM 

versus LInd 

he LInd data set, which utilizes independently obtained pulsar
istances (distance estimated without taking into account the pulsar
M s), shows significant differences compared to the LDM 

data set. In
articular, the magnetic correlation length, �b , is significantly smaller
4–5 pc ), indicating that really local fluctuations dominate this data
et, possibly due to selection biases such as ‘clustered’ pulsars in
lobular clusters (see bunches at the same distances in Fig. 6 b). 
Both 〈 ne 〉 and �δne are lower in the LInd data set compared to

DM 

. 〈 ne 〉 hovers around (0 . 033 ± 0 . 002) cm 

−3 , while �δne ranges
rom 35 to 60 pc , reflecting the more localized structures sampled in
Ind . These lower values suggest that this data set captures different
spects of the magneto-ionic medium, likely more influenced by the
ocal ISM environments. 

The | B| values in the LInd data set are also higher, ranging from
2 . 5 ± 0 . 6) to (2 . 7 ± 0 . 6)μG . These larger values may result from
he smaller �b and �δne in these environments, which lead to stronger

agnetic field estimates when averaging over shorter distances.
owever, it’s important to note that the error bars are larger in the
Ind data set due to its significantly smaller sample size. This further
nderscores the influence of environmental factors and potential
election biases, which are further explored in Section 4.3 . 

 DISCUSSION  

.1 Difference between �b and �δne 

he stark contrast between �b and �δne highlights that different
hysical processes within the Milky Way’s magneto-ionic medium
NRAS 544, 2698–2712 (2025)
ontrol their properties. While RM traces the product of thermal
lectron density and line-of-sight magnetic field strength, DM
eflects the total electron column density (e.g. see section 2 of
. Hutschenreuter et al. 2024 ). Our results show that �b is much
maller (around 20–30 pc ) compared to �δne , which spans 250–
00 pc . This indicates that magnetic field fluctuations occur on much
horter spatial scales, whereas electron density variations persist
ver much larger scales. This also suggests that magnetic fields and
lectron densities probably respond to different dominant physical
echanisms. 
Regions of high turbulence, such as those affected by star forma-

ion, supernovae, or spiral arm shocks, experience intense dynamical
rocesses. These events disrupt magnetic field lines, leading to
angling and compression that reduce magnetic coherence, reflected
n smaller �b values (A. Seta et al. 2020 ; K. Ferrière 2020 ; A. Ricarte,
. Qiu & R. Narayan 2021 ; A. Seta & C. Federrath 2021a ). In
ontrast, beyond turbulence, small-scale electron density structures
re likely shaped by one or more large-scale H II regions (sizes in
he range 10–200 pc , see M. Azimlu et al. 2011 ), which ionize the
urrounding medium, probably explaining the larger �δne . 

Small-scale magnetic fields in the ISM are expected to be strongly
nfluenced by turbulence and dynamo action (F. Rincon 2019 ).
umerical simulations at modest values of the magnetic Reynolds
umber (Rm of the order of 103 ) produce magnetic correlation scales
hat are a fraction (1 / 2–1 / 3) of the turbulence driving scale (e.g. A.
. Schekochihin et al. 2004 ; N. E. Haugen et al. 2004 ; P. Bhat &
. Subramanian 2013 ; S. Sur, P. Bhat & K. Subramanian 2018 ;
. Seta et al. 2020 ; A. Seta & C. Federrath 2021a ). Given the

ealistic ISM conditions, however, Rm is expected to be much larger
 ≈ 1018 , see table 1 in A. Brandenburg & K. Subramanian 2005 ).
he final state of the dynamo-generated magnetic fields at such high
m s remains unsettled but analytical models suggest that the field
roperties approach those at the critical value of Rm for the dynamo
ction ( ≈ 102 , see table III in A. Seta et al. 2020 ) due to strong non-
inearity (K. Subramanian 1999 , 2003 ). Assuming this is the case and
he turbulence is driven by supernova explosions at �driv ≈ 100 pc , the
stimated values of �b (20–30 pc ) are consistent with the turbulent
ynamo action at smaller scales. We also note that some dynamo
heories predict a final magnetic correlation scale as ≈ �driv Rm 

−1 / 2 

see P. K. Dittrikh et al. 1988 ) and this would yield an unrealistically
mall magnetic field correlation scale. 

This distinction between �b and �δne is crucial for interpreting
M data, particularly from extragalactic sources where DM is often
navailable (except for FRBs). While extragalactic RM s provide
road sky coverage, they lack the ne information that pulsar DM s
ffer, complicating the separation of magnetic and electron density
ontributions (N. Oppermann et al. 2012 ; S. Hutschenreuter & T.
. Enßlin 2020 ; S. Hutschenreuter et al. 2022 , 2024 ; C. L. Van Eck

t al. 2023 ). Future FRB data sets, which directly provide DM s, will
elp bridge this gap and improve the joint use of RM and DM to
robe both the Galactic and extragalactic magneto-ionic media (D.
. Lorimer et al. 2007 ; V. Ravi et al. 2016 ). 

.2 Non-Gaussian RM distribution 

he non-normal distribution of RM , shown in Figs. 3 (b) and 4 (b),
ikely arises from multiple factors: 

(i) Magnetic field structure: The Milky Way’s magnetic field
ncludes both large-scale, regular fields, such as those in spiral arms
R. Beck et al. 2019 ; Y. K. Ma et al. 2020 ), and small-scale random
elds. A simple combination of a large-scale field with Gaussian
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andom fluctuations would result in a shifted Gaussian distribution, 
.e. a Gaussian with a non-zero mean. But this combination at 
ifferent levels for different regions within the Milky Way, especially 
ith arm and interarm contrast (A. Shukurov 1998 ), might introduce 
on-Gaussianity. 
(ii) Non-uniform electron density: The ionized gas in the Milky 
ay varies due to localized ionization sources and the multiphase 

SM (T. Ha et al. 2023 ). Variations from H II regions, supernova
emnants (SNRs), and enhanced star formation can add complexity 
o the RM distribution. 

(iii) Magnetic field–thermal electron density correlation: 
hroughout our method, we assume that the magnetic field and 

hermal electron density are uncorrelated. However, on much smaller 
ub-kpc scales, such a correlation could probably exist due to shock 
ompression. This makes the RM distribution significantly non- 
aussian (this is observed in RM distributions derived from turbulent 
agnetohydrodynamic simulations, e.g. see fig. 3(a) in A. Seta & C.
ederrath 2021b ). 
(iv) ISM inhomogeneities: The inhomogeneous ISM, with struc- 

ures like filaments, bubbles, and voids, further complicates the 
M distribution (D. Martizzi, C.-A. Faucher-Giguère & E. Quataert 
015 ). 
(v) Sample inhomogeneities: The pulsar sample is far from 

niform (see Fig. 2 ) and thus such a non-uniform sampling might
ntroduce significant deviations from Gaussianity. 

Finding the exact reason for the observed non-Gaussianity in RM 

istributions requires further work and a combination of observa- 
ional data, numerical simulations, and analytical models (especially 
ith regards to other relevant observations, in particular H I and H α

bservations, see F. Boulanger et al. 2018 ). 

.3 Considering pulsars as probes of the Galactic magnetic 
elds 

ulsars provide a valuable tool for probing the Milky Way’s mag- 
etic field, though their use comes with certain limitations due 
o environmental factors, line-of-sight averaging, uneven spatial 
istribution, and uncertainties in distance estimates. Often located in 
urbulent environments like SNRs and star-forming regions, pulsars 
re associated with high-density ionized gas and enhanced local 
agnetic fields, which can skew RM and DM measurements, making 

hem less representative of the broader magneto-ionic medium (K. 
errière 2001 ; B. M. Gaensler et al. 2008 ; M. Haverkorn et al. 2008 ).
Additionally, pulsars are clustered around the Galactic Centre, 

piral arms, and globular clusters, where star formation is active and 
agnetic fields are stronger, resulting in a geographic bias toward 

igher RM and DM values (R. N. Manchester et al. 2005 ). This 
neven distribution may lead to overestimations in parameters like 
 ne 〉 and | B| , while quieter, less active regions are undersampled,
omplicating generalizations about the Galactic magnetic field. 

Additionally, scattering effects in dense ISM regions broaden 
ulsar signals, distorting RM and DM measurements (this distortion 
an also be used to study the intervening ISM properties, see C.
obey et al. 2021 ; L. S. Oswald et al. 2021 ; W. C. Jing et al.
025 ) and masking small-scale magnetic variations through line-of- 
ight averaging. Together, these effects smooth out local fluctuations, 
resenting a more uniform but potentially misleading picture of the 
agnetic field. 
Pulsar distances are often estimated using electron density models 

J. M. Cordes & T. J. W. Lazio 2002 ; J. M. Yao et al. 2017 ), which
an have considerable uncertainties, especially in complex regions 
e.g. see K. I. I. Koljonen et al. 2024 ). The independent distance in
Ind data set does address this issue partially, but the current small
ata size, combined with probable biases, makes it difficult to fully
tilize their potential and also compare the results with the LDM 

data
et. 

.4 Assumptions and related caveats 

hroughout our analysis, driven by the analytical nature of the 
ork and the limitations of the available data, we have made some

implifying assumptions. Here, we discuss the possible implications 
f the major assumptions in the study and the related caveats. 
Our large-scale magnetic field model, equation ( 10 ), assumes that

he field is unidirectional and does not capture the complexities 
f the Galactic magnetic fields, especially the details of the spiral
tructure and the presence of large-scale magnetic field reversals. 
everal models in the literature include details of the large-scale 
agnetic field structure (X. H. Sun et al. 2008 ; C. L. Van Eck et al.

011 ; R. Jansson & G. R. Farrar 2012 ; A. Shukurov et al. 2019 ).
nlike our simplistic model, such models have a large number of

mpirical or physical parameters for which the current data are 
everely limited (Fig. 2 ) and these models also do not agree with
ach other (e.g. see fig. 8 in Y. K. Ma et al. 2020 ). Thus, some of the
M fluctuations that we associate with the small-scale magnetic field 

e.g. in equation 14 ) might stem from significant spatial variations in
he large-scale magnetic fields. 

For modelling small-scale components, we study three well- 
otivated correlation functions (Section 2.3 ) but such two-point 

tatistics do not account for the non-Gaussian structure of the 
agnetic fields. It is well known from theory (e.g. Ya. B. Zeldovich,
. A. Ruzmaikin & D. D. Sokoloff 1990 ; K. Subramanian 1998 ) and

imulations (e.g. A. Seta et al. 2020 ; A. Seta & C. Federrath 2022 )
hat the small-scale random magnetic fields are spatially intermittent 
r highly non-Gaussian. The effect of such random, non-Gaussian 
tructures on RM statistics is relatively unknown. However, for large 
pc distances to pulsars (where the ratio of the random magnetic 
eld scale to the typical pulsar distance is significantly less than
ne), the small-scale structure might not matter much for the RM 

istribution due to the central limit theorem (assuming point-to-point 
ncorrelated thermal electron density and magnetic fields). 
As discussed in Section 2.1 , we assume that the large- and small-

cale fields are independent of each other but the tangling of the
arge-scale field by turbulence could introduce small-scale, random 

agnetic fluctuations (see appendix A in A. Seta et al. 2018 , for
 brief discussion). Thus, they are strictly not independent of each
ther. Considering such non-trivial connections analytically requires 
urther work but that might introduce corrections to the derived 
esults. 

Finally, the pulsar sample is not large enough to differentiate based
n specific objects, such as known H II or dense regions, along the
ine of sight (e.g. as shown in C. Sobey et al. 2021 ; S. K. Ocker et al.
024 ). This might introduce inhomogeneities in the sample that are
urrently not accounted for by the model. So, some of the overall
M and DM variations might be due to these specific line-of-sight 
ffects. 

Overall, the currently available data and simplistic modelling allow 

s to work primarily analytically (except for the numerical minimiza- 
ion discussed in Section 2.4 ) to study some important parameters of
he Galactic thermal electron density and magnetic fields, especially 
he correlation lengths of their small-scale components, and we aim 

o explore the impact of these assumptions in our future work. 
MNRAS 544, 2698–2712 (2025)
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 C O N C L U S I O N S  

he magneto-ionic medium of the Milky Way, i.e. the thermal
lectron density in the ionized gas and the magnetic fields, can be
ivided into large- and small-scale components. This study provides
mportant insights into the structure and dynamics of the magneto-
onic medium of the Milky Way through a comprehensive analysis of
ulsar data from the ATNF pulsar catalogue (R. N. Manchester et al.
005 , version 2.4.0). In particular, we determine the strength of the
arge-scale components of the thermal electron density and magnetic
elds and scales of their respective small-scale components. Using

he dispersion (DM ) and rotation (RM ) measures of pulsars and
nalytical models, we have obtained estimates of different properties
f thermal electron density and magnetic fields. The main results of
he work are given below. 

(i) |RM | versusDM : The analysis showed a strong power-law
elationship between the pulsar |RM | and DM (Figs. 5 a and 6 a). From
his, we can conclude that |RM | ∝ DM , which further demonstrates
he role of distance; the further away pulsars, accumulate higher DM
nd, by extension, |RM | . 

(ii) Average magnetic field strength versus distance: We see a
lear lack of correlation between the average parallel magnetic field
trength, 〈 B‖ 〉 = 1 . 232 RM /DM , with the distance to the pulsar
Figs. 5 b and 6 b). It indicates that, for RM , the large-scale magnetic
eld structure dominates over the sampled distances, with smaller
cale fluctuations averaged out over the path length (further moti-
ating a scale separation of the Galactic magnetic field). However,
his does not necessarily imply a uniform large-scale field, and with
ur method (Section 2 ), we determine the large-scale field strength
 ∼ 1 . 2μG for distances ≤ 20 kpc , see Table 3 for further details)
nstead of the average magnetic field strength along the line of sight.

(iii) Correlation length of small-scale components: Most impor-
antly, we estimate the scale of the small-scale magnetic field and
hermal electron density (see Tables 1 and 2 ). The difference between
he correlation length of the magnetic field (�b ) and the correlation
ength of the thermal electron density ( �δne ) is one of the most
triking outcomes of this study. We found that �b is much smaller,
ithin 20–30 pc , compared to �δne , which is in the range of 250–
00 pc . Physically, �b can be seen to be consistent with the theoretical
xpectations from the turbulent dynamo simulations and �δne with the
cales of one or multiple large H II regions (see Section 4.1 ). When
tudying the magneto-ionic medium or interpreting the extragalactic
M observations, it is imperative to consider these results because of

he very different scales of the thermal electron density and magnetic
elds (a factor of ≈ 10). 
(iv) Impact of the assumed correlation function for the small-scale

omponents: The choice of correlation function (C1 , C2 , or C3 , Fig. 1 )
as practically no effect on the estimated correlation lengths, �b and
δne . Also, large-scale properties of the magneto-ionic medium, such
s the mean thermal electron density ( ∼ 0 . 05 cm 

−3 ) and the large-
cale magnetic field strength ( ∼ 1 . 2μG ), remain stable across all
orrelation functions and are consistent with previous studies. 

In summary, this study sheds light on the complex structure of the
ilky Way’s magneto-ionic medium and demonstrates a mathemat-

cally concrete way to compute small-scale thermal electron density
nd magnetic field length scales that factor in the path length and
he correlation structure of the random fields. These results can be
onsidered as the starting point for further work that will help sharpen
he information about the Galactic magnetic fields and their role in
he dynamics and evolution of the Galaxy. 
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PPENDI X  A :  D E R I VAT I O N  O F  C O R R E L AT I O N  

U N C T I O N S  

n this work, we utilized three correlation functions to analyse the
mall-scale magnetic field and electron density fluctuations within 
he magneto-ionic medium. These three functions are defined and 
iscussed in detail in Section 2.3 . In this section, we outline the
erivation to compute the contribution of each correlation function 
o the variance of small-scale fluctuations (see Sections 2.1 and 2.2
or the use of this variance). 

1 C1 

or the exponential correlation function, 

1 ( s) = C0 exp ( −s/�) , (A1) 

e want to solve 

2 = 2
∫ L 

0 
( L − s )C1 ( s ) d s . (A2) 

Substituting C1 and evaluating the integral (e.g. via integration by 
arts) gives 

2 = 2C0 

[
�2 exp ( −L/� ) − �2 + L�

]
. (A3) 

his provides a compact expression for the variance in terms of C0 ,
 , and L . 

2 C2 

or C2 , we have 

2 ( s) = C0 exp 
(−( s/ 2 � )2 

)
. (A4) 

The variance is defined as 

2 = 2
∫ L 

0 
( L − s )C2 ( s ) d s = 2C0 

∫ L 

0 
( L − s ) exp 

(−( s / 2 � )2 
)

d s . 

(A5) 
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Table B1. Parameters for the data set ( N = 27) taken from table IV.1 of A. A. Ruzmaikin et al. ( 1988 ) using our method (here, like them, we assumed Gb 0 = 0◦). 

Method C ( s ) Gl 0 (◦) Gb 0 (◦) c0 (cm 

−3 μG ) � (pc ) 〈 ne 〉 (cm 

−3 ) B(μG ) 

This work C1 88 ± 6 0 −0 . 05 ± 0 . 004 125 0 . 06 ± 0 . 01 1 . 1 ± 0 . 1 
A. A. Ruzmaikin et al. ( 1988 ) C1 99 ± 12 0 −0 . 06 ± 0 . 002 100 − 150 0 . 035 ± 0 . 01 2 . 1 ± 0 . 5 
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Splitting the integral: 

2 = 2C0 

[
L

∫ L 

0 
exp 

(−( s/ 2 � )2 
)

d s −
∫ L 

0 
s exp 

(−( s/ 2 � )2 
)

d s

]
. 

(A6) 

Using standard results for the error function and the exponential
ntegral, we obtain ∫ L 

0 
exp 

(−( s/ 2 � )2 
)

d s = �
√ 

π erf 
(

L 
2 � 

)
, (A7) 

∫ L 

0 
s exp 

(−( s/ 2 � )2 
)

d s = 2 �2 
[ 
1 − exp 

(
− L2 

4 �2 

)] 
. (A8) 

Substituting these back gives the final expression for the variance: 

2 = 2C0 

[
L�

√ 

π erf 

(
L 

2 � 

)
− 2 �2 

(
1 − exp 

(
− L2 

4 �2 

))]
. (A9) 

3 C3 

or C3 , we have 

3 ( s) = C0 exp ( −s/� ) cos ( s/� ) . (A10) 

The variance is defined as 

2 = 2
∫ L 

0 
( L − s )C3 ( s ) d s 

= 2C0 

∫ L 

0 
( L − s ) exp ( −s /� ) cos ( s /� ) d s . (A11) 

Using standard integration techniques, this integral evaluates to 

2 = C0 

[
�2 − exp ( −L/� )

(
�2 cos ( L/� ) + � ( L sin ( L/� ) − L cos ( L/� ))

)]
. 

(A12) 

PPENDIX  B:  RU ZMA IK IN  ET  A L .  1 9 9 8  DATA  

ere, we apply our numerical method to the data in chapter 4 of
. A. Ruzmaikin et al. ( 1988 ),which utilized data for 27 pulsars to

stimate parameters such as Gl 0 , 〈 ne 〉 , and B. Note that here we also
ssume Gb 0 = 0◦ as they did but in the main text we kept it as a free
arameter to be determined from our analysis. The results for both
ethods are given in Table B1 . A key difference in our findings is

he value of 〈 ne 〉 (higher than their value) and B (lower than their
alue) and this may also reflect the numerical approach’s ability to
apture smaller scale variations that were probably averaged out in
heir analytical method. In this work, as described and discussed in
he main text, we expand the data set to include more than 1200
ulsars and multiple correlation functions (they assumed only the
xponential decay, C1 ) to provide a more comprehensive analysis of
NRAS 544, 2698–2712 (2025)

he magneto-ionic medium of the Milky Way. 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reus
able C1. Inferred magneto-ionic medium parameters for the LDM 

≤ 20 kpc
ample using different correlation functions (C1 , C2 , C3 ) under an assumption
f non-Gaussian RM and DM distribution with kurtosis, κ = 5 (see Sec-
ion 3.5 ). Uncertainties represent 1 σ errors. The table demonstrates that the
nferred parameters, including c0 , Gl 0 , Gb 0 , and �b remain consistent with the
aussian case (see Table 1 ), confirming the robustness of our results against
eviations from Gaussianity. 

Data set N C ( s ) c0 Gl 0 (◦) Gb 0 (◦) �b (pc ) 

LDM 

≤ 20 kpc 1290 C1 0 . 05 ± 0 . 02 192 ± 9 36 ± 33 18 ± 8 
LDM 

≤ 20 kpc 1290 C2 0 . 05 ± 0 . 02 192 ± 9 36 ± 33 22 ± 8 
LDM 

≤ 20 kpc 1290 C3 0 . 05 ± 0 . 02 192 ± 9 35 ± 34 18 ± 8 

able C2. Similar to Table C2 but for 〈 ne 〉 and �δne using the DM data.
hese are also consistent with the results assuming Gaussian RM and DM
istributions (see Table 2 ). 

ata set N C ( s ) 〈 ne 〉 (cm 

−3 ) �δne (pc ) 

DM 

≤ 20 kpc 3077 C1 0 . 055 ± 0 . 001 251 ± 12 

DM 

≤ 20 kpc 3077 C2 0 . 054 ± 0 . 001 305 ± 12 

DM 

≤ 20 kpc 3077 C3 0 . 053 ± 0 . 001 291 ± 12 

PPENDI X  C :  EFFECT  O F  NON-GAUSSI ANITY  

N  R M  A N D  D M  DI STRI BU TI ONS  

o assess the sensitivity of our results to the assumption of Gaussian
robability density functions (PDFs) for RM and DM (via the choice
f distribution for εRM 

in equation 22 and ηDM 

in equation 38 ), we
enerated non-Gaussian distributions as described in Section 3.5 .
or both RM and DM , we tested a range of kurtosis values, κ =
 , 0 . 1 , 1 , 2 , 5, for the full sample and for representative subsamples
data sets in Tables 1 and 2 ). Tables C1 and C2 illustrates the case with
he highest kurtosis, κ = 5, representing the most extreme departure
rom Gaussianity. 

We find that all the inferred parameters are statistically indis-
inguishable from those obtained under the Gaussian assumption.
cross all tested distributions, the inferred magnetic field and thermal

lectron density remain consistent with the Gaussian case within
ncertainties, suggesting that the results are determined mainly by
he central part of the distributions rather than the tails. These results
emonstrate that our conclusions are robust against deviations from
aussianity, and that the low values of the reduced χ2 discussed

n Section 2.4 are unlikely to result solely from the assumption of
aussian PDFs. 
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