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ABSTRACT

Magnetic fields pervade the interstellar medium and extend to various scales, including sub-parsec to kiloparsec scales within objects
such as supernova remnants (SNRs) and pulsar-wind nebulae. These environments serve as crucial laboratories for understanding
cosmic-ray acceleration and scattering processes, which remain poorly understood. The turbulent characteristics of magnetic fields
in these regions significantly contribute to observed GeV-TeV emission. The Cygnus Loop (G74.0-8.5) region exemplifies such an
environment, hosting a prominent SNR or possibly a combination of two SNRs, and displaying extensive non-thermal emission. In
this study, we investigated the mean field inclination angle and dominant magnetohydrodynamic turbulence modes in the Cygnus
Loop region, dividing it into southern, central, and northern sub-regions. Employing structure-function, relative anisotropy-based Y-
parameter, and modified synchrotron-polarisation analysis using radio polarisation observations, we find that the southern and central
regions exhibit low-inclination angles with dominant compressible modes, while the northern region shows ambiguous results with a
higher inclination angle. The coherence length estimation suggests values of ~2.0 pc in all sub-regions. Our study supports a two-SNR
morphology for the Cygnus Loop, emphasising the critical role of magnetic fields and turbulence in understanding physical processes

in supernova remnants and cosmic-ray transport.
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1. Introduction

The interstellar medium (ISM) is permeated by a magnetic field
(see a recent review from Yuen et al. 2024), which is a cru-
cial ingredient of all extended objects such as molecular clouds,
star-forming regions, and supernova remnants (SNRs; Sun et al.
2006; Reynolds et al. 2012). This magnetic field exhibits a
complex structure with strengths spanning from pG to mG,
composed of a significant coherent mean field and smaller
turbulent and tangled components. The turbulence within this
magnetic field significantly impacts diverse physical processes,
including particle transport and acceleration (Schlickeiser 2002;
Yan & Lazarian 2002; Yan et al. 2012; Beresnyak & Lazarian
2015; Yan 2022; Lemoine 2022).

The SNR shell and the evolution of its surrounding
ISM are driven by a combination of factors including ther-
mal particle pressures, turbulence, magnetic fields, and cos-
mic rays (CRs), all carrying comparable energy budgets
within our galaxy (McKee & Ostriker 1977; Boulares & Cox
1990; Ferriere 2001). Moreover, CR pressure influences the
behaviour of thermal gas and can contribute to galactic winds
e.g., (Girichidis et al. 2018; Hopkins et al. 2018; Holguin et al.
2019). A recent study by Shimoda & Inutsuka (2022) suggests
that the observed ISM conditions within our galaxy are sufficient
to drive a persistent galactic wind, with a mass-loss rate from the
galactic disc comparable to the star formation rate.

Despite extensive research on processes such as CR
production in SNRs (Liuetal. 2019), CR transport in
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the ISM (Yan & Lazarian 2002), and CR-ISM interactions
(Habegger et al. 2024), many aspects of these phenomena
remain unresolved. Therefore, investigating particle acceleration
to high energies within extended objects such as SNRs, where
diffusive acceleration from shock waves and magnetohydrody-
namic (MHD) turbulence govern the CR acceleration and scat-
tering, provides a conducive environment for investigating these
phenomena. The Cygnus Loop (G74.0-8.5) region exemplifies
such an environment, hosting a prominent SNR or possibly
a combination of two SNRs, exhibiting extensive non-thermal
emission. The unique characteristics of this location allow for
detailed studies using multi-wavelength infrared, optical and UV
observations, with reduced background contamination due to its
offset from the galactic disc.

Recent observations from the Fermi Gamma-ray Space
Telescope’s Large Area Telescope (LAT) have highlighted
gamma-ray sources associated with SNRs interacting with dense
molecular clouds (Abdo et al. 2009a). These sources display
steep gamma-ray spectra above a few GeV, possibly influ-
enced by the intricate morphology of the Cygnus Loop, affect-
ing the energy distribution of CRs (Aharonian & Atoyan 1996;
Gabici et al. 2009; Torres et al. 2010).

Furthermore, various morphological explanations exist
regarding the Cygnus Loop’s nature, with the possibility of
hosting one or two supernova remnants. The northern region
prominently exhibits shell-like X-ray emissions from ther-
mal plasma, with a blowout in the southern rim (Ku et al.
1984). Non-thermal radio spectra are associated with limb-
brightened shells (Keen et al. 1973), while no correlation with

A175, page 1 of 12

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202553849
https://www.aanda.org
http://orcid.org/0000-0003-4147-626X
http://orcid.org/0000-0003-3400-191X
mailto: sunilmalik1993@gmail.com
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Malik, S. and Pavaskar, P.: A&A, 707, A175 (2026)

dense molecular clouds has been established, potential blast
waves on the western limb might interact with molecular
material (Scoville etal. 1977). Optically, the Cygnus Loop
shows a Balmer Ha shell delineating the SNR’s bound-
ary (Levenson etal. 1999). This thin shell corresponds to a
non-radiative shock front moving at approximately 400 km
s~!, indicating an early adiabatic phase (Fesen etal. 2018).
Strong emission lines and UV emission indicate shock-cloud
interactions in the northeastern and western parts of the
SNR (Levenson et al. 1999; Fesen et al. 2018).

In radio frequencies, the Cygnus Loop shows two over-
lapping shell structures aligned in the north-south direc-
tion (Uyaniker et al. 2004). The northern radio shell correlates
well with the northeast and west optical emissions, while the
southern shell’s radio emission lacks correspondence at other
wavelengths. Despite similar total-intensity spectra, polarisation
characteristics differ, suggesting a scenario involving two sep-
arate SNRs (Uyaniker et al. 2003; Sun et al. 2006; West et al.
2016).

In this study, by taking advantage of archival polarisation
observations at 2.7 GHz of the region, we investigated the global
geometry and turbulent characteristics of the magnetic field.
Zhang et al. (2020) and Malik et al. (2023) suggested that the
statistics of polarised synchrotron radiation reflect the fluctu-
ations in the embedded magnetic fields caused by the turbu-
lence, which in turn allowed us to study the morphology and
properties of the magnetic field. Therefore, we employed the
recently developed Y-parameter technique (Malik et al. 2023)
based on the relative anisotropy of the synchrotron polarisa-
tion along with the modified synchrotron-polarisation-analysis
method (SPA, Pavaskar et al. 2024). We performed our MHD
turbulence analysis in three sub-regions in the Cygnus Loop to
investigate the two-SNR morphology.

The paper is organised as follows. In Sect. 2, we discuss the
multi-band radio observations using different facilities. The tech-
niques and statistics used in the analysis are described in Sect. 3.
Our detailed analysis and results for all three sub-regions can be
found in Sect. 4. We discuss the impact of our results in Sect. 5,
and we conclude our paper in Sect. 6.

2. Observational data

Due to its angular positional offset from the galactic disc, the
Cygnus Loop enjoys the advantage of being unobscured by
galactic dust and other disc emissions. It has been extensively
studied across multiple wavelengths, ranging from optical to
gamma rays. However, the magnetic-field strength, geometry,
and underlying MHD turbulent characteristics of this region
remain largely unexplored. Traditional probes such as dust polar-
isation (Draine 2011), ground-state alignment (Yan & Lazarian
2008a), and the Zeeman effect (Cazzoli et al. 2017) are not
viable options for gauging magnetic fields in this environment.
Synchrotron polarisation observations in the radio band have
revealed intriguing features of the magnetic field in the complex
environment of SNRs. While analysing the synchrotron observa-
tions in various frequency ranges, recent studies (Uyaniker et al.
2004; Sun et al. 2006, 2021, 2022) have observed unusual polar-
isation characteristics of these shells.

To investigate the turbulent characteristics of magnetic fields
in the Cygnus Loop region, we utilised the Effelsberg 100 m!
observations involving radio continuum and polarisation obser-
vations. The data were obtained at a frequency of 2.7 GHz with

I https://www.mpifr-bonn.mpg.de/en/effelsberg
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Fig. 1. Observed polarised intensity for the 4.2° X 4.8° Cygnus
Loop region from Effelsberg 100 m telescope in waveband centred at
11 cm wavelength from Uyaniker et al. (2002). The three sub-regions
—southern, central, and northern— are marked with white, red, and blue
dashed lines, respectively.

an angular resolution of ~4.0 arcmins (Uyaniker et al. 2002).
The Cygnus Loop region of interest is the 4.2° x 4.8° region
centred at RA ~ 312.745°, Dec ~ 30.60°. The extent of the
investigated region is mainly constrained from the availability
of polarised diffuse observations. The polarised-intensity map is
depicted in Fig. 1.

Furthermore, to explore the conjecture of two SNR shells,
based on the position, we divided the map into three regions.
These three sub-regions, named the southern, central, and north-
ern regions, are marked in Fig. 1 with white, red, and blue dashed
lines, respectively. A preliminary inspection reveals significant
polarised emission in the southern and central shells compared
to that of the northern shell. We analysed these sub-regions inde-
pendently of each other to deduce the geometry and MHD tur-
bulence characteristics.

3. Methodology employed

To probe the geometry and the turbulence properties of the mag-
netic field in the Cygnus Loop, we utilised techniques such
as structure-function analysis (Cho 2019), anisotropy analysis
using the Y parameter (Malik et al. 2023, 2024), and modified
synchrotron polarisation analysis (SPA+; Pavaskar et al. 2024).
All these methods employ the polarisation statistics from syn-
chrotron observations.

3.1. Coherence length using structure function

Due to the presence of intermittent and large-scale fields in
ISM and extended objects, it is natural to observe large-
scale prominent features that predominate over the small-
scale attributes (Houde et al. 2009; Hildebrand et al. 2009;
Pattle et al. 2017; Cho 2019). Several approaches have been
discussed, such as the fitting method and Wavelet transforma-
tion (Grebenev et al. 1995). These techniques strongly depend
upon the coarsening of the data. We used well-known and
widely used techniques of two-point structure functions to
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infer the coherence length scale of magnetic field and to
identify the length scales dominated by the turbulent fields
(Lazarian & Pogosyan 2016). We used the structure function to
infer the coherence length scale for the magnetic field in each
sub-region, and we do not note a direct correspondence to the
turbulence power spectrum. For a plane-of-sky (PoS) observ-
able, X, it is given by

SE(R) = (IX(R' + R) - X(R))P)r, 1)

where R’ is the position and R is the PoS separation. SFZpl will
be an increasing function of R in the regime of small-scale fluc-
tuations (R < L) and attain a plateau for R > Ly (Cho 2019).
However, the shape of SF;pt is distorted in the presence of large-
scale gradients in the observables. We can use three-point struc-
ture functions to see the presence of these large-scale variations.
The three-point SF is expressed as

SE"(R) = %(IX(R’ ~R)-2XR) +XR +R)P)r. @)

To filter out the large-scale fluctuations from the polarised
intensity, /,, we used the annular average technique developed
by Cho (2019). It is given by

F=1,-1, 3)

where I' = I, and [, represents the annular pairwise average
at scales in the plateau region that can remove the contribution
from large-scale fluctuations (see Cho 2019, for more details),
leaving only the small-scale fluctuations in the region. We offset
I* by adding standard averaged polarised intensity, (/,,), and used
I = I° +(I,) in subsequent analyses. It represents the polarised
intensity mainly dominated by the fluctuations.

3.2. Line-of-sight inclination angle using Y parameter

In our study, we computed the angle between the average mag-
netic field and the line of sight (LoS) using a new statisti-
cal method based on synchrotron polarisation maps called the
Y-parameter method (Malik et al. 2023). Previous research has
shown that the uneven distribution (anisotropy) of Stokes param-
eters can reveal information about the geometry of the magnetic
field (Yuen et al. 2023). This is achieved by calculating a global
correlation function, Dy, which can effectively be obtained for
any observable, represented by X, as shown in the following
equation:

Dx(R) = (X(R)X(R' + R)")r-. “

Malik et al. (2023) showed that the Y parameter, which is
expressed as

Anisotropy(Dy+0)  Ry/Rn(Dyr4+o)
Anisotropy(Dj—g)  R,/Ri(Dj-g)’

Yo = (5)
can be used to trace the inclination angle of the magnetic field.
Here, R, and R;, represent the extent of the correlation function
distribution estimated from the Gaussian fitting in the vertical
and horizontal directions, whereas B, is along the v direction.
This statistical parameter, derived from polarised synchrotron
radiation, captures the geometry of the mean magnetic field and
underlying MHD turbulence characteristics.

The anisotropy of Stokes parameters can act as a diagnostic
for retrieving the magnetic-field inclination and identifying the
dominating MHD turbulence mode in ISM and extended sources

such as the Cygnus Loop region. It is supported by the value
space separation of the Y parameter for decomposed Alfvénic
(A mode) and compressible (C mode) MHD modes, which
decreases and increases with the inclination angle between the
mean field and the LoS, 6,, respectively. A statistical demar-
cation at Yy ~ 1.5 (for A mode, Yy > 1.5; and for C
mode, Y, < 1.5) was used to obtain the dominant fraction of
MHD turbulence modes in the region. Additionally, the unique
sensitivity of the Yy, parameter to 6, in different MHD-mode-
dominated regimes (see Fig. 4 in Malik et al. 2023) allowed us
to estimate the 6, in certain morphologies.

As with any method using polarisation observations, the
Y-parameter method is also sensitive to Faraday rotation dur-
ing the propagation. Malik et al. (2023) showed that the tech-
nique works effectively where the Faraday rotation and its vari-
ance does not exceed ~50°. To fully assess the impact of fore-
ground Faraday rotation, future Faraday tomography (see, e.g.
Takahashi 2023) using multi-wavelength polarisation observa-
tions with high statistics will be necessary. We discuss this
briefly in Appendix A.

3.3. MHD mode classification using the SPA+ method

In addition to the Y-parameter method, the modi-
fied  synchrotron-polarisation-analysis ~ method  (SPA+,
Pavaskar et al. 2024) provides a recipe to differentiate between
the MHD modes dominating the turbulent energy in the ISM
plasma through polarised synchrotron observations. This can
be achieved because the incompressible Alfvén and the com-
pressible magnetosonic MHD modes are oriented orthogonally
in 3D space; hence, they are integrated along the LoS (and
projected on the PoS) differently. Through numerical tests using
3D ideal MHD simulations, Pavaskar et al. (2024) showed that
the projected signatures of the Alfvén and compressible modes
are embedded in the polarised synchrotron emissions observed
from the magnetised turbulent plasma. A statistical analysis of
the observed Stokes parameters allowed us to identify the MHD
mode dominating the energy in the plasma.

The SPA+ signature function, defined as s.(¢;) =
var(e(¢s)), is computed by step-wise rotation of the Stokes frame
by the rotation angle ¢;, where €(¢;) is the synchrotron emissiv-
ity given by

eER; ) =1+ Qror = I +(Qcos2¢ps + Usin2gpy). (6)

The frame rotation angle, ¢, is defined such that ¢, = Odeg
aligns with the projected mean polarisation angle in the observa-
tions. Since €(¢) has second-order sine and cosine terms, a gen-
eral expression for s,, = var(e) for arbitrary ¢, can be written
as a fourth-order Fourier sine and cosine series with only even
terms (see Fig. 2 in Pavaskar et al. 2024):

Sxx(Ps) = Ag + Ay cos(2¢) + Ay cos(4¢y)

+ B sin(2¢) + By sin(4¢y) . )

By fitting this function to the observed s, signature, the fit
parameters can be used to identify the energy-dominant MHD
mode. The cosine terms contribute to the symmetric part and
quantify the concavity of the signature, while the sine terms
contain the asymmetry. Symmetry, in this context, refers to the
axisymmetry of the s,, function around ¢; = 90°. Effectively, the
four unique parameters A, A4, B, and B4 contain information
on the dominant mode fraction in the turbulence. This informa-
tion can be extracted by quantifying the individual features of
the s,, signature through the parameter ratios A4/A,, B, /A, and
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Fig. 2. Second-order two- and three-point structure functions for the
polarised intensity of the southern region. The blue and grey verti-
cal dashed lines indicate the telescopeds resolution, /,, and coherence
length, [, respectively. The black and blue dashed horizontal lines mark
20% and 2072, corresponding to the variance for initial polarised intensity
(large-scale gradients) and small-scale fluctuations, respectively. The
unit of the y-axis is in squares of intensity.

B4/A,. The symmetry parameter A4/A, can identify the energy-
dominant mode between the Alfvén (A4/A, < 0) and compress-
ible modes (A4/A; > 0). The asymmetry parameters B, /A, and
B4/A; can identify the presence of fast MHD modes due to the
uniquely asymmetric nature of the fast mode signature at large
mean-magnetic-field inclination angles. A parameter value of
|B4/A;| > 0.6 in addition to the detection of compressible-mode
dominance implies a strong possibility of the presence of fast
modes and a large mean-magnetic-field inclination (6, > 45°).
Additionally, although the detection of the Alfvén mode and the
fast mode at the same location seems contradictory, it has an
implication of a small magnetic-field inclination (6, < 15°), as
the SPA+ mode classification scheme does not work in such a
case.

4. Analysis and results

Given that the observations are influenced by the large-scale
fluctuations, we probed the fluctuation at MHD scales. We eval-
uated the two- and three-point second-order structure functions
for all three regions and used them to estimate scales of domi-
nated turbulence, which are below the coherence length of the
2D magnetic field. Further, we used the Y-parameter analysis
based on the relative anisotropy and synchrotron polarisation
statistics of the Stokes parameters of polarisation observations to
study the geometry of the magnetic field and underlying MHD-
dominated mode. To cover the whole region of 4.2° x4.8°, based
on the polarisation feature we decomposed the whole region into
three sub-regions (see Fig. 1). The detailed analysis and out-
comes of each region are discussed in the subsequent sections.

4.1. Southern region

As is evident from the polarisation observations discussed in
the data section (Sect. 2), the southern region of the Cygnus
Loop exhibits distinct features with notably high polarised inten-
sity. To gauge the coherence length of the 2D magnetic field,
we computed the multi-point structure function for polarised
intensity using Eqgs. 1 and 2. These structure functions for the
southern region are depicted in Fig. 2. Notably, all the structure
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functions reach saturation near 2 pc, indicating that this scale
corresponds to the observed coherence length of the magnetic
field and suggests the dominance of MHD turbulence below this
scale. Consequently, the scales ranging from the telescope beam
size (~0.85 pc) to the turbulence correlation scale inferred from
the structure function break (~2 pc) were utilised to investi-
gate turbulence characteristics with the anisotropy of polarisa-
tion observations, as described in Sect. 3.2.

Furthermore, to estimate this relative anisotropy for the cor-
relation functions associated with I + Q o B2 and [ — Q o B;,
we generated correlation-function distributions for the southern
region, as illustrated in Fig. 3. Markers indicating the direction
of the mean magnetic field of the plane of sky, estimated using
the angular mean of the polarisation angles shown in Fig. 4,
are included in these distributions. Notably, these correlation-
function distributions vividly depict differences in horizontal
(perpendicular) and vertical (parallel) lengths relative to the
mean-magnetic-field direction in the plane of the sky.

To quantify the observed anisotropies, we conducted 2D
Gaussian fittings on the distributions by considering the fitting
radius close to the correlation length of [, ~ 2 pc. However,
to see the variation with fitting radii, we also varied it from
lower to higher values as denoted by r in the first column of
Table 1. Our analysis yielded a Y-parameter value of approxi-
mately Y, & 0.89. Drawing upon insights from our previous
investigation in Malik et al. (2023), a Y-parameter value around
Yuwb < 1.0 implies a mean-magnetic-field inclination angle of
6, < 10° with respect to the LoS. In order to investigate the
sub-block region, we calculated the Y parameter after dividing
the southern region into nine spots. The spot size is primarily
constrained by the statistics needed to estimate the anisotropy
of the correlation function distribution. The dominant modes are
plotted on top of the polarised intensity in Fig. 6, where different
colours of the circles denote different identified dominant modes.
The circle sizes do not represent any physical scales. These find-
ings suggest that the southern shells of the Cygnus Loop SNRs
are characterised by compressible-dominated turbulence modes.

The analysis using the SPA+ technique is shown in Fig. 5.
We chose sub-regions (analysis spots) of 2.5 pc X 2.5 pc for each
signature calculation. The analysis is split into two parts. Firstly,
the estimation of the energy-dominant mode fraction (shown by
the circles in Fig. 5) was performed based on the classification
parameter, A4/A,. We distinguished between Alfvén-mode and
compressible-mode dominance following the approach proposed
in Pavaskar et al. (2024). The colour of the circles represents the
mode classifications: green for Alfvén mode and red for com-
pressible mode. Overall, the region seems to be dominated by
compressible turbulence (approximately 60% compressible sig-
natures of the total signatures). We note that clusters of spots
correlated with the regions of relatively higher polarised inten-
sity, specifically the shell-like structure, correspond to the com-
pressible mode dominant signatures. We also grouped the spots
in nine sub-blocks (dotted blue lines) to compare with the Y-
parameter spotwise analysis.

In the second part of the SPA+ technique, we analysed the
signature asymmetry to detect the presence of fast modes. This
is shown by the red dots in Fig. 5, where the asymmetry of
the s, signature is sufficiently large (|B4/A;| > 0.6) to indicate
the presence of fast-mode turbulence. We see that the southern
region does not show a significant amount of fast-mode detec-
tions. However, this does not necessarily imply the absence of
fast modes, as symmetric signatures can also be observed from
fast-mode turbulence (see Pavaskar et al. 2024). An energy dom-
inance of compressible modes naturally implies a non-negligible
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Fig. 4. Distribution of polarisation map in southern zone of Cygnus
Loop region.

Table 1. Values of Yy, for the southern region.

r(pc) Ry/Ry(Dro) Ry/Ri(Di—g) Y
1.69 0.90 0.98 0.92
2.12 0.87 0.97 0.89
2.54 0.83 0.98 0.84
2.92 0.79 0.99 0.80
3.39 0.76 1.01 0.75
3.82 0.73 1.01 0.72
4.24 0.71 1.02 0.69

Notes. Estimated using different fitting radii, 7, to capture anisotropy of
correlation function distributions for (I+Q) and (I-Q).

energy of fast modes in the turbulence. Overall, the SPA+ anal-
ysis is in agreement with the conclusion from the Y-parameter
one, which also predicts the presence of compressible turbulence
in the southern region.

Fig. 3. The distribution of the Correla-
tion function for the 7 + Q o B2 (left
panel) and / — Q o B; (right panel) for
the southern region. We have drawn the
white dashed lines to depict the direc-
tion of the mean magnetic field compo-
nent in the plane of sky (B,) which is
also the reference axis to estimating the
anisotropy in both v-direction (B,) and
h-direction.
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Fig. 5. Results from modified SPA+ method plotted on top of the
synchrotron polarised-intensity map for Cygnus Loop southern region.
Each analysis spot corresponds to the classification obtained from a
2.5 pc X 2.5 pc sub-region. The rings show the identification of the dom-
inant mode from the classification parameter, A4/A,. The red dots show
the detection of fast modes through the asymmetry parameter, By/A;.
The green and red colours show the mode dominance of Alfvén and
compressible modes, respectively. The regions where the SPA+ mode
classification gives mode ambiguity have been removed from the anal-
ysis.

4.2. Central region

In several recent studies (Sun et al. 2006, 2021, 2022), the mor-
phology of the Cygnus Loop has led to the suggestion of a com-
bination of two SNRs. Building upon this notion, we approached
the analysis of the Cygnus Loop by delineating it into three prin-
cipal components. As shown in Fig. 1, the central region repre-
sents the eastern portion of the source.

As discussed in previous sections, the 2D magnetic field of
the plane of the sky plays a pivotal role in synchrotron polarisa-
tion emission. To estimate the coherence length and assess the
influence of large-scale fluctuations, we extended our analysis
to encompass SFs computed up to three points for the polarised
intensity. The resulting SFs, depicted in Fig. 7, exhibit a conver-
gence near 2 pc, providing an upper limit for studying the MHD
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polarised intensity of the central region. The blue and grey dashed ver-
tical lines indicate the telescopeds beam size, /,, and coherence length,
I, respectively. The black and blue dashed horizontal lines mark 20
and 202, corresponding to the variance for initial polarised intensity
and small-scale fluctuations, respectively.

turbulent characteristics and applying techniques based on syn-
chrotron anisotropy.

Subsequently, Fig. 8 presents the correlation-function distri-
butions of 7 + Q o B> and I — Q « B§ for the central region,
annotated with markers denoting the direction of the mean mag-
netic field in the plane of the sky, as determined via the spher-
ical mean of the polarisation angles shown in Fig. 9. These
distributions clearly illustrate variations in horizontal and ver-
tical extents relative to the mean magnetic-field direction in the
plane of the sky.

To quantify these observed anisotropies, we conducted 2D
Gaussian fittings on the distributions, confining the fitting radius
within the 2D correlation length of 2 pc. Our analysis for the
central region gives us the Y-parameter value of approximately
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Yurb = 0.89. Similar to what we did in the southern region, we
also varied the fitting radii, r, to examine their impact on the Y-
parameter values, as shown in Table 2. However, we note that the
Y values do not change significantly with radius. Drawing from
insights gleaned from our prior work (Malik et al. 2023), a Y-
parameter value near Yy, ~ 1.0 implies a mean magnetic-field
inclination angle of 8, < 10°. Furthermore, we calculated the Y
parameter after sub-dividing this region into nine sub-blocks and
plotted the results at the top of the polarised intensity as shown
in Fig. 11 These findings suggest that compressible turbulence
modes predominate in the central region on the eastern side of
the upper shell of the Cygnus Loop’s SNR.

We followed the SPA+ procedure similar to that employed
for the southern region to try to recover the dominant MHD
mode in the central region. The spot analysis results are shown
in Fig. 10. These spots were also divided into nine groups
in order to compare them with the Y-parameter spot analy-
sis. The SPA+ analysis is inconclusive in this region, owing to
the approximately equal number of observed Alfvén and com-
pressible signatures. The signatures are also fairly axisymmet-
ric, meaning that we are not able to conclude on the presence
of fast modes. Since the Y-parameter analysis reveals a low
magnetic-field inclination angle, the SPA+ signatures might be
affected due to the lack of a sufficiently large PoS magnetic-field
component. A comparison of both these techniques shows that
they closely identify the same dominant modes, except for the
ambiguous mode results in the Y parameter, which are identi-
fied as Alfvén dominant in SPA+. Thus, the central and southern
regions closely follow the same morphology and are associated
with the same SNR.

4.3. Northern region

The northern sub-region is the area in the northwest of the
Cygnus Loop’s upper shell. We indicate the region of 25 X 25 pc
in Fig. 1. To follow a similar procedure to that used in the south-
ern and central regions, we calculated the multi-point structure
function of the polarised intensity. We plot the two- and three-
point SFs in Fig. 12 that we used to infer the coherence length.
As marked by the vertical black dashed line of [, the coher-
ence length of the magnetic field can be approximated by 2 pc.
As illustrated earlier, by taking length scales smaller than the
coherence length, we estimated the lowest value of Yy, ~ 1.06
by fitting the correlation function distribution shown in Fig. 13.
We also marked the v and & directions parallel and perpendicu-
lar to the mean field direction estimated by taking the spherical
mean of the polarisation