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ABSTRACT21

The line-of-sight magnetic field of galaxy clusters can be probed using Faraday rotation measure22

(RM) data. However, our understanding of cluster magnetism is limited due to the scarcity of polarized23

background radio sources, with most previous studies being constrained to ∼ 10 sources per cluster.24

Leveraging the increased source density of the POlarisation Sky Survey of the Universe’s Magnetism25

(POSSUM), we probe the magnetic field properties of the galaxy cluster Abell 3581 with 111 RMs. We26

find that the standard deviation in the RM declines monotonically with increasing radius up to 0.7527

Mpc, agreeing with a radially declining magnetic field and electron density profile modeled as Gaussian28

and lognormal random fields, respectively. The best-fit model of the inner 0.75 Mpc, centered on the29

X-ray peak with ne(0) = 33.6×10−3 cm−3 and assuming a self-similar electron density profile, yields a30

central field strength of B0 = 2.5 µG with B ∝ n0.5e . For the first time, we compare the observed RMs31

in a cluster to full magnetohydrodynamic simulated clusters from TNG-Cluster and find that the non-32

monotonic trend in RM standard deviation past 0.75 Mpc in A3581 is likely caused by past or present33

merger activity. We identify a possible candidate for a merger to be the galaxy group [DZ2015b] 276,34

which would be the first group detected in RMs that is not strongly emitting in X-rays. We find a35

possible merger axis of A3581 with this group at a position angle of θ = 52± 4 deg.36

Keywords: Galaxy clusters (584); Magnetic fields (994); Radio astronomy (1338)37

1. INTRODUCTION38
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Most of the baryonic universe is composed of mag-39

netoionic plasma that resides in the cosmic web (Mac-40

quart et al. 2020). In the densest regions of the cos-41

mic web, gravity causes the formation of galaxy clus-42

ters (e.g., Kuchner et al. 2022). The vast majority of43

the baryonic mass inside the characteristic gravitational44
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radii of galaxy clusters is contained in the intracluster45

medium (ICM), which is known to be magnetized (e.g.,46

Donnert et al. 2018). The magnetic field strengths of47

galaxy clusters are on the levels of µG (e.g., Govoni &48

Feretti 2004; Osinga et al. 2025), and these fields are49

crucially involved in the non-thermal processes that oc-50

cur in clusters, including the acceleration of cosmic rays51

(e.g., Brunetti & Jones 2015) and the turbulent motions52

in the ICM (e.g., Subramanian et al. 2006).53

The exact structure and origins of the magnetic fields54

of clusters remain unknown. Still, it is believed that55

the magnetic field strength, B, is likely correlated with56

the thermal electron density, ne, both observationally57

(e.g., Bonafede et al. 2010; Vacca et al. 2012) and from58

simulations (e.g., Dolag et al. 2005; Vazza et al. 2018).59

Both of these quantities appear to decrease with radius60

from the cluster center (e.g., Cavaliere & Fusco-Femiano61

1976; Murgia et al. 2004; Laing et al. 2008). The mag-62

netic field strength is often modeled as a function of63

thermal electron density as:64

B(r) = B0

(
ne(r)

ne(0)

)η
, (1)65

66

where B0 is the magnetic field strength at the center of67

the cluster, ne(0) is the thermal electron density at the68

center of the cluster, r is the distance from the cluster69

center, and η is a power-law index with typical values of70

0.5 (e.g., Murgia et al. 2004).71

A method of probing the line-of-sight (LOS) magnetic72

field is through the use of Faraday rotation, which is the73

change in polarization angle as polarized light travels74

through a magnetoionic medium. This change in polar-75

ization angle is given by:76

ψobs − ψ0 = RMλ2 (2)77
78

where ψ0 is the intrinsic polarization angle at the source,79

ψobs is the observed polarization angle (in radians), and80

λ is the wavelength (in meters). The observed polariza-81

tion angle is determined as:82

ψobs =
1

2
arctan

(
U

Q

)
, (3)83

84

where Q and U are the two linear polarization Stokes85

parameters. Faraday rotation is quantified using the86

rotation measure (RM). The RM is defined to be:87

RM = 0.812 rad m−2

∫ 0

zs

1

(1 + z)2
ne(z)

cm−3

B∥(z)

µG

dl

dz pc
dz,

(4)88

where ne is the thermal electron density, B∥ is the89

LOS magnetic field strength, dl is the infinitesimal path90

length along the LOS, zs is the redshift of the polarised91

background radio source, and z is the redshift (e.g.92

Ferrière et al. 2021; Xu & Han 2014); RM is taken to93

be positive for LOS magnetic fields pointing towards the94

observer. The RM sources are polarised background or95

embedded radio sources (usually radio galaxies).96

The largest catalog of RMs from a single survey to97

date was conducted by the Very Large Array (VLA;98

Thompson et al. 1980): the NRAO VLA Sky Survey99

(NVSS; Condon et al. 1998; Taylor et al. 2009). NVSS100

has an RM grid density of ∼1 source deg−2 covering101

δ > −40 deg. In contrast to this, the POlarisation102

Sky Survey of the Universe’s Magnetism (POSSUM;103

Gaensler et al. 2010, 2025) is producing an RM catalog104

with grid densities of∼ 40 polarized sources deg−2 (Van-105

derwoude et al. 2024) and will eventually cover the en-106

tire southern sky. The greater sky density of POSSUM107

RMs, as well as their measurement via the more robust108

RM-synthesis technique (Brentjens & de Bruyn 2005),109

allow us to probe individual clusters at much greater110

precision than before.111

Cluster magnetic fields have been studied using Fara-112

day rotation in both single nearby clusters (e.g., Gov-113

oni et al. 2006; Guidetti et al. 2008; Bonafede et al.114

2010; Vacca et al. 2012; Govoni et al. 2017) and stacked115

samples of higher redshift clusters (Clarke et al. 2001;116

Bonafede et al. 2011; Böhringer et al. 2016; Stasyszyn &117

de los Rios 2019; Osinga et al. 2022, 2025). Stacking ex-118

periments constrain the average magnetic field strength119

of clusters to the 1− 10 µG range, with possible differ-120

ences between merging and non-merging clusters (Sta-121

syszyn & de los Rios 2019). Osinga et al. (2022, 2025) for122

the first time combined both depolarization and Fara-123

day rotation in a stacking study, and found mean mag-124

netic field strengths of a few µG with central magnetic125

field strengths of 5 − 10 µG. However, they found that126

Gaussian random field models could not fully explain127

the data. The greatest caveat of stacking studies is that128

they are unable to discern specific features of the mag-129

netic field of individual clusters.130

Studies of single clusters also generally find magnetic131

fields in the 1− 10 µG range (e.g., Kim et al. 1990; Fer-132

etti et al. 1995). Notably, Bonafede et al. (2010) con-133

strained the magnetic field profile of the Coma cluster134

to have B0 = 4.7 µG and η = 0.5 with high statistical135

confidence, albeit using only 7 resolved radio galaxies;136

η = 0.5 implies that the magnetic field energy density137

scales with the thermal energy density. Most single clus-138

ter studies have compared observations to simple models139

of Gaussian random fields for the magnetic field (often140

assuming η = 0.5, e.g., Bonafede et al. 2011; De Rubeis141

et al. 2024), without considering fluctuations in the elec-142
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tron density, and based on small samples of polarized143

radio sources (only using five to ten), while generally un-144

derestimating uncertainties (Johnson et al. 2020). In a145

more detailed study, Stuardi et al. (2021) allowed the ex-146

ponent to vary and found η ∼ 0.9−1 for the ICM of the147

merging galaxy cluster Abell 2345; furthermore, they148

obtained the power spectrum of the magnetic field from149

magnetohydrodynamic (MHD) simulations of clusters,150

rather than assuming a Kolmogorov power spectrum as151

is often done. In a recent work, De Rubeis et al. (2024)152

compared the depolarization trend of radio relics in the153

galaxy cluster PSZ2 G096.88+24.18 to model magnetic154

fields imposed on density cubes obtained from MHD155

simulations of clusters, and they found that the MHD156

simulation does not produce the same depolarization as157

the observations, attributing this to a lower magnetic158

field strength in the simulation. However, no one-to-159

one comparison of MHD simulations with observed RM160

grids of clusters has been made so far.161

Precursors and pathfinders to the Square Kilome-162

tre Array (SKA) such as MeerKAT (Jonas 2009)163

and the Australian Square Kilometre Array Pathfinder164

(ASKAP; Hotan et al. 2021) have been enabling a much165

more detailed look at cluster magnetism with high-166

density RM grids. Using early data from POSSUM,167

Anderson et al. (2021) conducted a study of the magne-168

tized plasma in the Fornax cluster. They demonstrated169

that RM grids can reveal reservoirs of ionized gas not170

observable using X-rays. Additionally, they noted that171

mergers of subclusters and galaxies in Fornax are likely172

the cause of substructures of RM enhancement. More173

recently, Loi et al. (2025) conducted the highest den-174

sity RM survey of a single cluster, obtaining ∼ 80 RMs175

deg−2. They found a significant RM enhancement along176

an RM ‘stripe’, which they attribute to possible inflow177

of matter into the cluster along a cosmic filament.178

Given the low number of polarized radio sources in179

most previous studies of single clusters, and the diffi-180

culties associated with stacking experiments, it is clear181

that the next step in the field is detailed high density182

RM grid studies of single clusters. In this work, we con-183

duct a study of the magnetic field properties of Abell184

3581 (hereafter A3581) using radio data from ASKAP.185

We use polarization data from POSSUM, with total in-186

tensity data from the Evolutionary Map of the Universe187

(EMU; Norris et al. 2011, 2022; Hopkins et al. 2025).188

The aim of this study is to constrain the LOS mag-189

netic field parameters of Abell 3581 from Equation 1 by190

comparing the RM grid to various magnetic field models191

and full MHD clusters from the TNG-Cluster simulation192

(Nelson et al. 2024).193

The remainder of this paper is structured as follows:194

Section 2 describes our criteria for selecting the target195

galaxy cluster used, Section 3 explains the methodol-196

ogy used to analyze the data, Section 4 presents the197

results of the study, and Section 5 provides discussion198

on the results of this work. Throughout our work, we199

assume a flat ΛCDM cosmology with the following cos-200

mological parameters: H0 = 70 km s−1Mpc−1, Ωm,0 =201

0.3, ΩΛ,0 = 0.7 (Planck Collaboration et al. 2020).202

2. TARGET SELECTION203

POSSUM is ideal for observing clusters due to the ex-204

cellent widefield leakage correction (∼ 0.1% of Stokes205

I; Thomson et al. 2023, Thomson et al. in prep, An-206

derson et al. in prep), its angular resolution of 20′′207

and its typical root-mean-square sensitivity of 18 µJy208

beam−1 (Gaensler et al. 2025). We can find targets209

for which POSSUM is ideal based on the combination210

of redshift and M500 of the cluster, where M500 is the211

mass contained within the radius, R500, where the den-212

sity of the cluster is 500 times the critical density of213

matter at that redshift. Furthermore, the large field-of-214

view of 30 deg2 that ASKAP provides makes POSSUM215

an ideal survey for nearby clusters that cover large ar-216

eas of the sky, particularly for clusters that cannot be217

covered by single observations with more sensitive tele-218

scopes such as MeerKAT or the Jansky VLA (JVLA;219

Perley et al. 2011) (i.e. apparent R500 > 0.5 deg). Us-220

ing this angular size criterion, the best targets are found221

at z < 0.033 for M500 ∼ 5× 1014M⊙ (and z < 0.024 for222

M500 ∼ 2× 1014M⊙).223

To find candidate clusters, we cross-matched the224

Planck Sunyeav Zel’dovich (PSZ2; Planck Collaboration225

et al. 2016) and the SRG/eROSITA All-Sky Survey DR1226

(eRASS1; Merloni et al. 2024) cluster catalogs to the227

POSSUM survey coverage as of June 2024. At the time228

of the start of this work, only two massive clusters in229

this redshift range were covered by the processed POS-230

SUM fields: Abell 3627 and A3581. While Abell 3627231

covers a larger area on the sky, it is also located near the232

Galactic plane (at Galactic latitude b = −7.13 deg) and233

contains the bright radio galaxy ESO137-006 (Ramat-234

soku et al. 2020), which is not accounted for properly235

in the automatic POSSUM pipelines and significantly236

affects the field. For these reasons, we have chosen to237

focus this study on A3581.238

2.1. Properties of Abell 3581239

A3581 is a cool core (CC) cluster (Johnstone et al.240

2005) and is covered by the POSSUM field “1412-241

28” which spans the area 209.5 deg ≤ α (J2000) ≤242

216.3 deg and −30.5 deg ≤ δ (J2000) ≤ −25.3 deg.243
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The field has been observed as the ASKAP SBID 50413244

on June 07, 2023 as part of the POSSUM band 1 survey,245

which has an observing frequency range of 800 − 1088246

MHz. We have considered only analyzing polarized247

background radio sources that are within 2R500 of the248

center of the cluster. We will analyze the properties of249

the RMs outside the cluster in this SBID and a neigh-250

boring SBID in an upcoming paper.251

For A3581, there are various values of R500 in the252

literature. A study by Reiss & Keshet (2018) used253

R500 = 0.719 Mpc, which was obtained from X-ray254

observations of the cluster. A cluster catalog produced255

by Wen & Han (2024) identified cluster properties from256

optical galaxies and found that R500 = 0.656 Mpc for257

A3581 In contrast to these studies, the eRASS1 clus-258

ter catalog (Bulbul et al. 2024) found a larger value of259

R500 = 0.925 Mpc; hereafter, all references to R500 will260

be to this value unless explicitly specified. The eRASS1261

catalog infers the cluster mass (and therefore R500) us-262

ing an X-ray mass-relation that has been calibrated with263

multiple clusters. Because of this calibration, we deter-264

mined this to be a more accurate radius estimate and265

will henceforth use it for the remainder of our analysis.266

Important properties of A3581 are reported in Table 1.267

Table 1. Basic properties of A3581

Property Measurement

X-ray Centroid (ICRS) (14h 07m 29.8s, −27◦ 01′ 04′′)

Cluster redshift 0.0221± 0.0050

Angular to physical scale 1 arcsec = 0.447 kpc

R500 (Mpc) 0.925

M500 (M⊙) 2.15× 1014

Note—Measurements of the X-ray centroid and redshift
were taken from the ROSAT All-Sky Survey (Xu et al.
2022). The M500 and R500 values were taken from the

eRASS1 cluster catalog (Bulbul et al. 2024).

3. METHODS268

In this section, we describe the methods we carried269

out for obtaining the RMs from the Stokes I,Q, U cubes270

from ASKAP, for analyzing the statistical properties of271

these RMs, and for modeling the cluster magnetic fields.272

273

3.1. The POSSUM Single Scheduling Block Pipeline274

To process early POSSUM survey data where sky cov-275

erage was disjoint, the POSSUM collaboration devel-276

oped a single scheduling block (SB) pipeline, which mod-277

ifies the pipelines described by Gaensler et al. (2025)278

to operate on single observations. We note that a full279

description of the POSSUM pipeline will appear in an280

upcoming paper (Van Eck et al. in prep); here, we only281

give a description of the single SB pipeline.282

The single SB pipeline takes image cubes in Stokes pa-283

rameters I,Q and U from an ASKAP observation and,284

for a set of source positions, extracts spectra for each285

parameter, and performs RM-synthesis (Brentjens & de286

Bruyn 2005) using those spectra. The pipeline products287

are three files containing results for each source position:288

(i) the I,Q and U spectra (FITS);289

(ii) the complex Faraday depth spectra (FITS);290

(iii) some derived quantities characterizing the source291

(csv astropy table).292

The pipeline is a python script that is adapted to run293

on the Australian National University’s Research School294

of Astronomy & Astrophysics server avatar, which has295

21 nodes with 128 GB of memory. The design of the296

pipeline is predicated on the fact that the extraction of297

source spectra from the three input cubes is much faster298

if cubes can be held entirely in node memory. Each of299

the three input cubes occupy 183 GB, so a piecewise ap-300

proach is needed. We partition each cube into a number301

of sub-cubes along the two directional axes and execute302

the spectra extraction for each in a separate node.303

The pipeline performs the following steps:304

1. From the CSIRO ASKAP Science Data Archive305

(CASDA), download the I,Q, U cubes and a306

source catalog that is generated using Selavy307

(Whiting & Humphreys 2012; Whiting et al. 2017)308

by the Observatory from the Stokes I cube.309

2. Acquire estimates of the free electron content in310

the ionosphere over the observatory at observation311

time. The application frion predict1 is used312

to do this. It uses total electron content (TEC)313

maps obtainable from the Jet Propulsion Labo-314

ratory within several days of the observation (see315

Porayko et al. 2019).316

3. Form a subset of the source catalog. The in-317

put catalog, generated from the Stokes I cube as318

above, lists all sources with peak brightness, Bpeak,319

above five times the root-mean-square brightness320

(Bpeak > 5σ). Since the typical polarized frac-321

tion is typically less than 10 per cent, and sources322

with more than 30% polarized emission are very323

rare, we remove from the catalog sources with324

Bpeak < 15σ. This step reduces the number of325

spectra to extract per field from over 20,000 to326

around 8,000.327

1 https://frion.readthedocs.io/en/latest/

https://frion.readthedocs.io/en/latest/
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4. Divide cubes and the filtered catalog into sub-328

fields. To match the sub-fields to the memory329

available on the compute nodes, we divide the330

approximately square initial field into nine parts.331

The sub-fields are defined with a bordering guard332

zone so that each field overlaps its neighbor, en-333

suring that no sources are missed from laying too334

close to a sub-field edge. The catalog is also split335

into nine parts corresponding to each sub-field.336

The next three steps are performed on nine compute337

nodes, each dealing with a separate sub-field.338

5. Convolve each image plane to ensure that all spec-339

tral channels have the same point-spread-function.340

6. Multiply theQ and U cubes by factors that remove341

rotation of the polarization angle induced by the342

ionosphere.343

7. Perform the main part of the processing in a344

number of steps executed within the ‘1d-pipeline’345

(Vane Eck et al. in prep):346

(i) Read the input source list;347

(ii) Extract I,Q, U spectra for each source;348

(iii) Diffuse subtraction: use a guard zone around349

the source to determine the spectrum of dif-350

fuse emission and subtract that from the351

source spectrum (Oberhelman et al. 2024);352

(iv) Perform RM-synthesis on the spectra using353

RM-Tools (Purcell et al. 2020) to derive the354

Faraday dispersion function (FDF) and the355

RM from the highest amplitude peak of the356

FDF;357

(v) Create a catalog that adds polarimeteric pa-358

rameters to the input source list.359

8. On a single compute node, merge the products360

from each sub-field to form the three final data361

products for the field.362

9. Generate a summary plot suitable for a quick as-363

sessment of the results.364

10. Upload the processing products to the Cana-365

dian Advanced Network for Astronomical Re-366

search data server.367

After running the single SB pipeline, we removed all368

RMs that have a signal-to-noise ratio (SNR) in polar-369

ization of less than 8, following the threshold that has370

been used in previous POSSUM studies (e.g., Vander-371

woude et al. 2024). Additionally, we removed RMs that372

had a fractional polarization of less than 1% because373

for POSSUM fields that were observed before October374

5, 2023, the on-axis polarization leakage correction was375

applied twice in error (Gaensler et al. 2025, Anderson376

et al. in prep), resulting in a substantial fraction of377

leakage-dominated RMs below a polarization fraction of378

1%. Additionally, there were 10 RMs that were incor-379

rectly detected more than once by the Selavy source-380

finder program. For this reason, we only decided to381

retain the version of each duplicate that had the highest382

SNR in our catalog. We obtained 115 RMs within 2R500383

of the cluster once these restrictions were applied, which384

is an order of magnitude better than most previous stud-385

ies of single clusters. The most important columns to386

our analysis in this table are included in Appendix D.387

The full catalog will be made available on the CDS.388

3.2. QU-fitting and Faraday complexity389

The Stokes Q and U spectra have different levels of390

complexity, with the most ‘simple’ Stokes Q and U spec-391

tra being modeled by single component sinusoidal func-392

tions of λ2 (used to model the rotation of polarization393

angle with λ2) and more complex spectra having multi-394

ple sinusoidal or exponential components (used to model395

the reduction in polarized intensity as a function of λ2396

due to depolarization). Sources that exhibit multiple po-397

larized components can be representing multiple physi-398

cal components (e.g. two distinct radio lobes; O’Sullivan399

et al. 2017; Ma et al. 2019), making it challenging to de-400

cide which polarized component has the RM value best401

representing the ICM magnetism. Thus, it is important402

to classify the Faraday complexity of RRMs.403

To quantify if our sources are Faraday simple or Fara-404

day complex, we use QU -fitting, which fits various mod-405

els to the Q and U spectra; for details regarding QU406

models, we refer to Burn (1966); Sokoloff et al. (1998);407

O’Sullivan et al. (2012). We emphasize that QU -fitting408

was not done to obtain the RMs but only to classify409

complexity; the RMs were obtained from the main peak410

of the FDF, using RM-synthesis as described in Section411

3.1.412

We define a Faraday simple model to model an exter-413

nal Faraday screen that is purely sinusoidal in Q and414

U :415

P (λ) = p0Ie
2i(ψ0+RMλ2), (5)416

417

where p0 and ψ0 are the intrinsic polarization fraction418

and the intrinsic polarization angle, respectively, and419

P (λ) is the complex polarization vector given by:420

P (λ) = Q(λ) + iU(λ). (6)421
422

The second model introduces an exponential depolar-423

ization term into the Stokes Q and U as:424

P (λ) = p0Ie
2i(ψ0+RMλ2)e−2Σ2

RMλ
4

, (7)425
426

where ΣRM is the RM dispersion.427

The next model that we use contains two separate428

Faraday rotation components for the complex polariza-429
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tion vector, but does not have any depolarization terms:430

P (λ) = I(p0,1e
2i(ψ0,1+RM1λ

2) + p0,2e
2i(ψ0,2+RM2λ

2)).

(8)

431

432

Next, we consider a model with both components hav-433

ing a single depolarization term:434

P (λ) = Ie−2Σ2
RMλ

4

(p0,1e
2i(ψ0,1+RM1λ

2) (9)435

+ p0,2e
2i(ψ0,2+RM2λ

2)).436
437

Finally, we consider a two-component source that has438

separate depolarization parameters for its components:439

P = I(p0,1e
−2Σ2

RM,1λ
4

e2i(ψ0,1+RM1λ
2) (10)440

+ p0,2e
−2Σ2

RM,2λ
4

e2i(ψ0,2+RM2λ
2)).441

442

We consider the model given by Equation 5 to be “sim-443

ple” and the others to be “complex”.444

For fitting the Stokes Q, U spectra with the models445

outlined above, we use RM-Tools (Purcell et al. 2020),446

which outputs the natural logarithm of the Bayesian ev-447

idence for each of the models. When comparing two448

models (i and j), we compute the natural logarithm of449

the Bayes factor, Bj,i, defined as:450

ln(Bj,i) = ln(pr(D|Mj))− ln(pr(D|Mi)), (11)451
452

where ln(pr(D|Mi)) is the natural logarithm of the453

Bayesian evidence for the i-th model. Following Kass &454

Raftery (1995), we only consider the second (more com-455

plicated) model to be a better fit than the first model456

if ln(Bj,i) > 5. In addition to this, if the reduced chi-457

squared, χ̄2, of the best-fit model is not in the range458

0.5 ≤ χ̄2 ≤ 1, we designate that there was no best-fit459

QU model found.460

We found that the distribution of the χ2 values for461

the best-fit QU models are modeled well by the theo-462

retical χ2 probability distribution function, indicating463

that our models are good fits to the data. The theoret-464

ical χ2 probability distribution function is completely465

determined by the degrees of freedom, which is given by466

N = v−k, where v is the number of data points and k is467

the number of parameters in the model (which is at most468

10 for the models given here). We note that it is not pos-469

sible to rigorously choose a single N as the number of470

parameters varies between models, and all parameters471

are not necessarily linearly independent. Therefore, we472

have chosen N to be the number of frequency channels,473

which is 288. This is a reasonable assumption as v >> k.474

In addition to QU -fitting, we use the second mo-475

ment of the cleaned peaks (obtained from RM-synthesis476

and RM-cleaning) and the σadd (obtained from QU -477

fitting) complexity metrics, following Vanderwoude478

et al. (2024). Further details regarding these complex-479

ity metrics and about the classification of complexity of480

RRM sources can be found in Appendix C. In all, we481

found 99 Faraday simple RMs, and 16 Faraday complex482

RMs. We note here that we will conduct our analy-483

sis both with the Faraday simple and Faraday complex484

RMs to gauge the effect that Faraday complexity has on485

our results.486

3.3. Galactic RM correction487

Since RM probes the entire LOS to the background488

RM grid sources, any medium between the background489

source and the observing telescope will affect the mea-490

sured RM. The largest source of contamination in extra-491

galactic RMs comes from Galactic RM (GRM) contri-492

butions. Once the GRM has been estimated the residual493

RM (RRM) of the object of interest is calculated as:494

RRM = RMobs −GRM, (12)495

where RMobs is the observed RM.496

There have been various different approaches that497

have been used to remove GRM contributions. In re-498

cent years, the most widespread method has been to use499

the GRM map created by Hutschenreuter et al. (2022),500

who modeled the GRM as a product of a sign and an501

amplitude field and inferred the hyperparameters of the502

model from RM measurements. Hereafter, we refer to503

the inference technique used in this work as the Bayesian504

Rotation Measure Sky (BRMS), and the Hutschenreuter505

et al. (2022) GRM map as H22. Khadir et al. (2024)506

tested BRMS, along with other spatial and geometric in-507

terpolation techniques to reconstruct GRM maps; they508

found that natural neighbor interpolation (NNI), which509

is a geometric interpolation technique, produces results510

that are comparable to BRMS.511

In contrast to these works, Anderson et al. (2024) re-512

move GRM contributions using statistical properties of513

the RMs. They aimed to estimate the GRM contribu-514

tion at each RM source by defining an exclusion zone (a515

circle of some radius r) around it so that the GRMmodel516

does not erroneously include coherent RM signal from517

the extragalactic RM structure that is being studied.518

The GRM is then taken as the median of the 40 clos-519

est RMs outside this exclusion radius; the choice of this520

number is motivated because the outer radius of these521

40 sources is typically on the order of 1 deg (around 1.5522

Mpc at A3581’s redshift) and therefore any local RM523

contribution due to the cluster in our GRM estimate is524

minimized. In our work, we used an exclusion radius of525

1 Mpc ≈ R500, so that RM structure from the cluster is526
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not removed2. Hereafter, we refer to this method as the527

exclusion radius GRM subtraction (ERGS).528

In the subsequent analysis, we use ERGS to obtain529

the RRMs, use bootstrapping (of the median of the 40530

closest RMs outside the exclusion zone) to obtain er-531

rors on the correction, and calculate the total RRM er-532

ror by adding the error in the correction and the error533

in the observed RM from RM-synthesis in quadrature.534

We decided against using the GRM map produced by535

Hutschenreuter et al. (2022) as in this particular region,536

they were limited to using∼ 1.7 RMs deg−2 for the infer-537

ence; therefore, the map might be unreliable for smaller538

scales. We avoided using NNI for the reconstruction539

of the GRM map as it required too many assumptions540

about the spatial distribution of the RMs on the sky541

(see Appendix A for further details). Although we be-542

lieve the EGRS method is best suited for this field given543

the reasons above, the RRM scatter profiles (the stan-544

dard deviation in the RRMs as a function of distance545

from the cluster center; see Section 4.1) after all three546

correction methods are very similar (see Figure A4), and547

comparable to what is found in previous studies of other548

clusters (e.g., Osinga et al. 2025).549

Figure 1(a) displays the observed RMs (without any550

Galactic correction) on the sky. There are a total of 888551

RMs in the POSSUM field 1412-28, with a mean RM of552

−27.2 rad m−2, a standard deviation of 12.4 rad m−2,553

and a root-mean-square of 29.9 rad m−2. The full data554

for the POSSUM field 1412-28 will be released as part of555

POSSUM’s Data Release 1. Additionally, in this figure,556

we have plotted circles indicating 2R500 of A3581 and of557

three nearby clusters identified by Wen & Han (2024) to558

give a sense of the large-scale structure in the neighbor-559

hood of A3581; the properties of these additional clus-560

ters are listed in Table 2. To identify the closest clusters561

in redshift to A3581, we used a fixed velocity gap (the562

maximum allowed difference in the recession velocity of563

objects) of 6000 km s−1. Figure 1(b) displays the values564

of the RRMs observed within 2R500 of A3581 (see Figure565

A2 for the GRM values determined using ERGS). No-566

tably, the RRM values do not appear to be completely567

randomly distributed, with positive values preferentially568

in the north-west and negative values in the south-east.569

3.4. Cluster membership of sources570

Since Faraday rotation is an integrated effect along571

the line of sight, it is important to know the location of572

2 We note here that for the purposes of the GRM correction we use
all sources in the POSSUM tile (not just sources within 2R500).
This is done to prevent the correction for sources near the edge
from being dominated by internal cluster sources.
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Figure 1. (a) The locations and values of the observed
RMs across the whole POSSUM field, along with identified
nearby clusters. The black circle indicates 2R500 for A3581
and the green circles indicate 2R500 for nearby clusters. (b)
The locations and values of the RRMs that are within 2R500

(marked with a dashed circle) of A3581. The color bars
represent the RRMs saturated from −40 rad m−2 to +40
rad m−2. The plus sign shows the location of the center of
RM, and the dashed line portrays the axis of symmetry (see
Section 4.5 for further details).

each RM source with respect to the medium that we are573

probing. However, given the significant velocity disper-574

sion of cluster members, it is impossible to determine575

where they are located with respect to the ICM. Back-576

ground RMs do not suffer this uncertainty as they are577

located fully behind the cluster. For this reason, we578

only retain background radio sources for our analysis.579

We determine cluster membership of sources using the580

photometric and spectroscopic redshift of sources (see581

Appendix B). In all, we found that only 4 RMs are in-582

side the cluster, leaving us with 111 RRMs projected583

within 2R500 of the X-ray centroid.584
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Table 2. Properties of the three closest clusters to A3581 identified from the Wen & Han (2024) galaxy cluster catalog

Cluster Name Cluster center (ICRS) R500 (Mpc) z

WH-J135418.5-265338 (13h 54m 18.5s, −26◦ 53′ 38′′) 0.625 0.0200

WH-J141826.6-272244 (14h 18m 26.6s, −27◦ 22′ 44′′) 0.825 0.0257

WH-J142949.1-294455 (14h 29m 49.1s, −29◦ 44′ 55′′) 0.522 0.0230

3.5. Magnetic field modeling585

In the simplified picture of Kolmogorov turbulence586

with scale-by-scale equipartition between the energy587

density of magnetic fields and turbulent motions, the588

magnetic field is expected to behave as a Gaussian ran-589

dom field with a single power-law power spectrum (e.g.,590

Schekochihin et al. 2004):591

|Bk| ∼ k−5/3, (13)592

where |Bk| is the Fourier amplitude of the magnetic593

field and k is the magnitude of the wave vector given594

by k = π
Λ , where Λ is the physical fluctuation scale.595

We note that this is the 1D power spectrum; the 3D596

power spectrum has an index of −11/3. In our models,597

we use a box size of 20483, with each pixel represent-598

ing 2 kpc. We set the maximum fluctuation scale to be599

Λmax = 100 kpc (this matches well with the ∼ 102 kpc600

maximum fluctuation scale found in polarized emission601

observations and simulations of clusters, e.g., Murgia602

et al. 2004; Govoni et al. 2005) and the minimum fluc-603

tuation scale to be Λmin = 4 kpc (this corresponds to a604

field reversal between adjacent pixels). We note that we605

do not test different fluctuation scales, which can also606

affect the RM scatter profiles, but are partially degen-607

erate with other parameters such as the magnetic field608

strength. To keep the number of free parameters lim-609

ited, we model the magnetic field as a Gaussian random610

field, following the Kolmogorov power spectrum. Fur-611

thermore, we normalize the magnetic field strength to612

follow the electron density as shown in Equation 1 using613

the following sets of values for the mean magnetic field614

strength and the power-law index: B0 = {1, 2.5, 5} µG,615

η = {0, 0.25, 5}. To calculate the magnetic field models616

and RM observables, we use the GRAMPA3 Python mod-617

ule.618

Although the assumption of a Gaussian random mag-619

netic field with a Kolmogorov power spectrum is an ide-620

alized case, this has been the standard assumption in621

cluster magnetic field studies. However recent works622

have expanded on this (e.g., Stuardi et al. 2021) or have623

shown that more advanced modeling is needed (Osinga624

et al. 2025). Still, for simplicity and consistency with625

previous works, we initially compare the observations626

3 https://pypi.org/project/grampa/

with Gaussian random field models of the magnetic field.627

Previous studies (e.g., Murgia et al. 2004) have modeled628

the electron density profile as a simple single β model:629

ne(r) = ne(0)

[
1 +

(
r

rc

)2
]−3β/2

, (14)630

631

where ne(0) is the thermal electron density at the clus-632

ter center, rc is the radius of the X-ray core and β is the633

power-law index. The only available parameters in the634

literature for the A3581 β−model are from Fukazawa635

et al. (2004), who found ne(0) = (33.60+0.00
−14.02) ×636

10−3 cm−3, rc = 10.18+6.70
−0.00 kpc, β = 0.47+0.05

−0.00, us-637

ing archival X-ray data from the Advanced Satellite for638

Cosmology and Astrophysics (Tanaka et al. 1994). How-639

ever, X-ray emission was only detected out to a radius640

of ∼ 10 kpc, so the radial profile beyond this radius641

is strongly unconstrained. Because clusters are rela-642

tively self-similar (Arnaud et al. 2010), we model the643

radial profile of the electron density distribution using644

the mean ne profile from Osinga et al. (2022), deter-645

mined from X-ray observations of 102 clusters from the646

Chandra-Planck Legacy Program for Massive Clusters647

of Galaxies 4. We rescale the ne profile to be consistent648

with the measurements of the central electron density649

made by Fukazawa et al. (2004).650

In addition to fluctuations in the magnetic field651

strength, fluctuations in the electron density might also652

contribute to the RM scatter. Multiple studies (e.g.,653

Kawahara et al. 2007; Gaspari et al. 2014; Marin-654

Gilabert et al. 2024) of simulations of clusters have655

demonstrated that the electron density in the ICM has656

lognormal fluctuations. We model the power spectrum657

to be Kolmogorov as a first-order approximation which658

broadly agrees with simulations (e.g., Gaspari et al.659

2014), although thermal conduction could flatten this660

spectrum in reality. We note that while the large-scale661

magnetic field amplitude is normalized to the radial pro-662

file of ne, we treat the magnetic field and electron den-663

sity fluctuations to be uncorrelated and statistically in-664

dependent in our models. GRAMPA allows fluctuations665

in the electron density model that are generated with666

4 https://hea-www.cfa.harvard.edu/CHANDRA PLANCK
CLUSTERS/

https://pypi.org/project/grampa/
https://hea-www.cfa.harvard.edu/CHANDRA_PLANCK_CLUSTERS/
https://hea-www.cfa.harvard.edu/CHANDRA_PLANCK_CLUSTERS/
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the pyFC5 module. Figure 2 displays a comparison of667

the thermal electron density between the mean ne den-668

sity field and the density field with lognormal fluctua-669

tions. We limited the fluctuations to be within 10% of670

the mean ne profile, as found in the Coma cluster by671

Churazov et al. (2012). Together, these assumptions al-672

low us to construct a simplified but tractable model of673

Faraday rotation in a turbulent ICM.674

For all the models, we sample the modeled RM maps675

at the same locations (with respect to the cluster center)676

as the RRM observations in A3581 to fully address any677

spatial correlation between RRMs. Furthermore, since678

complex RMs might be experiencing beam depolariza-679

tion, we attempt to imitate the effects of depolarization680

when we samle our models by averaging Stokes Q and U681

separately (across all POSSUM frequency channels) for682

all pixels within one ASKAP telescope beam, which has683

a size (full width at half maximum) of 20′′ correspond-684

ing to a circle with diameter ∼ 8.93 kpc at A3581’s red-685

shift, and this results in 13 pixels within a beam. For686

each pixel within one telescope beam around the com-687

plex RM, we assume a simple model for the Stokes Q688

and U parameters (given by Equation 5), where we as-689

sume the RM to be the RM of the pixel, p0 = 0.0654690

(which we obtain from the median polarization fraction691

for our sources) and assume a power law for Stokes I:692

I = I0

(
ν

ν0

)α
, (15)693

694

where we found that the median I0 = 7.45 mJy for our695

polarized sources at a reference frequency of ν0 = 800696

MHz, and we found the median spectral index to be697

α = −0.768. This is similar to the weighted mean698

spectral index of ⟨α⟩ = −0.7870 ± 0.0003 found by de699

Gasperin et al. (2018) for radio sources in the TIFR700

GMRT Sky Survey and the NVSS. Once we have pro-701

duced an average Stokes Q and average Stokes U for702

the complex RMs, we conduct RM-synthesis and RM-703

cleaning to obtain the RMs for the complex RMs.704

We note here that we have made several simplifying705

assumptions in our model, chief of which is that the706

fluctuations in the magnetic field are independent of the707

fluctuations in the electron density field. A proper treat-708

ment of this would require a full MHD simulation. Thus,709

we also compare our results with simulated galaxy clus-710

ters from the TNG-Cluster project (Nelson et al. 2024)711

in Section 4.3.712

4. RESULTS713

5 https://www2.ccs.tsukuba.ac.jp/Astro/Members/ayw/code/
pyFC/

4.1. RRM scatter profile714

Cluster magnetic fields are theorized to have been am-715

plified from random seed magnetic fields by a turbu-716

lent dynamo process (Donnert et al. 2018). In this pro-717

cess, random velocity fields stretch and fold pre-existing718

field lines to amplify the magnetic field to a saturation719

level. Given the random nature of this process, the mag-720

netic field orientations should be random and the aver-721

age RRM will thus be zero. Therefore, traditionally,722

the magnetic field of clusters is probed by studying the723

scatter in RRM as a function of radius from the clus-724

ter center; a larger scatter in RRM generally indicates725

a stronger B∥ or larger ne.726

We computed the standard deviation in the RRMs in727

annuli over the sky as a function of the projected dis-728

tance to the cluster center. We used a moving bin (with729

the radius for each bin being determined by its left edge)730

with 20 points (corresponding to a median bin width731

of 0.31 Mpc) and computed the scatter in the RRM,732

denoted as σRRM, to be the interquartile range (IQR)733

divided by 1.349 in each bin. Furthermore, we also cor-734

rected for the extrinsic scatter (the RM scatter due to735

the intergalactic medium, the local environment of a ra-736

dio source and the ionosphere), denoted as σRRM,ext.737

Initially, we computed σRRM,ext as the mean of running738

standard deviation from 2R500 to 4R500, as we expect739

RM enhancement due to the ICM to be relatively low740

in this region and it is also local to the cluster, there-741

fore giving a good representation of the extrinsic scatter742

in the cluster’s neighborhood. This approach resulted in743

σRRM,ext = 5.4±1.9 rad m−2, where the error is taken to744

be the standard deviation in the running RRM scatter745

from 2R500 to 4R500. However, we decided against this746

as this range will inadvertently encroach into the neigh-747

boring clusters and also possible bridge regions between748

the clusters, and therefore not give a reliable estimate749

of the extrinsic scatter. For this reason, we define a750

region with possible extragalactic plasma to be a col-751

lection of cylinders that connects (and contains) all the752

clusters with a radius of 1 Mpc (see Figure A1), which is753

the typical radius of short filaments between clusters as754

found in cosmological simulations (Galárraga-Espinosa755

et al. 2021). Thus, we define the extrinsic scatter as the756

mean running scatter in the regions obtained by masking757

extragalactic structures (like galaxy clusters and possi-758

ble bridges between clusters). When the extragalactic759

regions are masked, we found σRRM,ext = 4.5± 2.1 rad760

m−2. This agrees within error with the extragalactic761

RM scatter of 6.5 ± 0.1 rad m−2 found by Schnitzeler762

(2010), and also agrees with the values found by Taylor763

et al. (2024) of 5.9± 2.7 rad m−2 and 6.3± 2.2 rad m−2
764

for the COSMOS and XMM -LSS fields, respectively.765

https://www2.ccs.tsukuba.ac.jp/Astro/Members/ayw/code/pyFC/
https://www2.ccs.tsukuba.ac.jp/Astro/Members/ayw/code/pyFC/
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Figure 2. The thermal electron density for a two-dimensional slice through the center of a cluster without (left) and with
lognormal fluctuations (right).

Then, we calculate the corrected RRM scatter as:766

σRRM,corr =

√
σ2
RRM −

∑N
i=1 δRRM

2
i

N − 1
− σ2

RRM,ext,

(16)767

where δRRMi is the uncertainty in the RRMs and the768

sum is taken over all the RRMs in the bin. We also769

note here that we calculate σRRM,ext by removing mea-770

surement uncertainties (as in Equation 16) and that the771

value of σRRM,ext we obtain is highly dependent on the772

signal-to-noise threshold used for retaining sources in773

the RM grid as shown by Vanderwoude et al. (2024).774

Figure 3(a) displays the RRMs as a function of the775

projected distance to the center of the cluster. As ex-776

pected, most of the RRMs scatter around zero. The only777

clear outlier in these plots is the RRM that is around778

∼ 100 rad m−2, and it is likely due to a local increase779

in the magnetic field strength or the electron density780

around the emitting source; since we use statistics that781

are robust against outliers (e.g. IQR), this outlier will782

not affect our results.783

The blue line in Figure 3(b) displays the scatter profile784

of the RRMs within 2R500 of the cluster. This profile785

was produced by including all complex RMs; the profile786

created after excluding the 15 background complex RMs787

(one of the complex RMs was identified to be embedded788

in the cluster) was similar (within uncertainties) to this789

profile. Based on Equation 1 and the typical electron790

density profile of a galaxy cluster, we expect the scatter791

in the RRM to decrease monotonically as a function of792

the distance from the cluster center. This is the case in793

the interior of the cluster (at r < 0.75 Mpc). However,794

for r > 0.75 Mpc, the cluster’s scatter does not decay795

monotonically, contrary to what is expected. We note796

that there is still measurable non-zero scatter between797

2R500,WH and 2R500,eRASS1. This means that the ICM798

extends significantly out to ∼ 1.75 Mpc, being more799

consistent with the eRASS1 estimate of R500.800

4.2. Magnetic field modeling in the interior of A3581801

In this section, we compare the observed RM grid to802

semi-analytic magnetic field models of increasing com-803

plexity, as has been done in previous studies (e.g., Mur-804

gia et al. 2004; Bonafede et al. 2010; Osinga et al. 2025).805

In particular, we only attempt to model the interior of806

the cluster (r < 0.75 Mpc); this is the region over which807

the observed RRM scatter is monotonically decreasing.808

The behavior of the RRM scatter outside this radius809

is more complicated and will not be well-described by810

a simple radially declining magnetic field and electron811

density model. This will be addressed in the following812

sections.813

First, we compare our observation to a model with un-814

correlated lognormal fluctuations in the electron density815

content and normal fluctuations in the magnetic field.816

Figure 4 displays the comparison plots of the observed817

and modeled RRM scatter for various B0 and η (the818

scatters are measured from the X-ray centroid in Table819

1 because the X-ray centroid probes the peak of the gas820

density profile). All the individual scatter profiles for821

the model follow the expected trend of a monotonically822

decaying RRM scatter. The models with B0 = 1µG823

and η = 0.25, and B0 = 5µG and η = 0.5 appear to824

be in reasonable agreement with what is observed in825

A3581 at distances less than 0.75 Mpc. However, none826

of the models are able to reproduce the full complexity827

of the observed RRM scatter profile of A3581; in partic-828
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Figure 3. (a) The RRMs as a function of the projected distance to the X-ray centroid. The black line indicates the 2R500 radius
using the value from Wen & Han (2024), and the red line indicates the 2R500 radius using the value from the SRG/eROSITA
all-sky survey (Bulbul et al. 2024). (b) The RRM scatter as a function of the projected distance from the center of the cluster.
To calculate the scatter we used a running bin and fixed the number of points per bin to be 20. The median bin width is 0.27
Mpc.

ular, none show the non-monotonic behavior at r > 0.75829

Mpc.830831

In order to determine which model most accurately832

represents the observed RRM, we use the Bhattacharya833

coefficient (BC; Lee & Bretschneider 2012), which is a834

bounded, symmetric similarity measure for two Gaus-835

sian distributions that accounts for both differences in836

mean and variance. Here, we model the RRM scatter at837

each radius to be a normal distribution, with mean given838

by µσx
(the solid lines in Figure 4) and standard devi-839

ations given by the error in the RRM scatter δσx
(the840

filled regions in Figure 4); here, x is either the model or841

the observation.842

Then, the BC of the model and the observation for a843

particular radius represents the overlap of the two scat-844

ters (for a fixed radius) and is given by:845

BC(σobs, σmod, r) =√
2δσobs

(r)δσmod
(r)

δ2σobs
(r) + δ2σmod

(r)
exp

(
−{µσobs

(r)− µσmod
(r)}2

4{δ2σobs
(r) + δ2σmod

(r)}

)
,

(17)

Then, we define the normalized overlap metric, Φ as846

follows:847

Φ(σobs, σmod)

= 1−
∫
BC(σobs, σmod, r)dr∫
BC(σobs, σobs, r)dr

, (18)

where r is the distance from the cluster center, σobs,848

σmod, are the scatter in the RRM for the observation849

and the model, respectively. From our definition of Φ,850

models that have scatter profiles that are more similar851

to that of A3581 will produce a Φ that is closer to zero.852

We also note that, we are only modeling the interior of853

A3581.854

Figure 5 displays the values for Φr<0.75 Mpc (the over-855

lap metric in the interior) that we computed for the856

models with fluctuations in both electron density and857

the magnetic fields, centered on the X-ray peak with val-858

ues of ne(0) fixed at the best value from the literature of859

33.6×10−3 cm−3 (Tanaka et al. 1994) and the radial pro-860

file of the electron density determined from a self-similar861

scaling. The model that most closely resembles the scat-862

ter of A3581 in the interior has B0 = 2.5 µG, η = 0.50863

and on this region it has the lowest value of the over-864

lap metric of Φr<0.75 Mpc = 0.140. We found that the865

model without any fluctuations in the electron density866

also results in similar scatter profiles to the model with867

fluctuations in the electron density for the vast majority868

of magnetic field strengths and values of η. This also re-869

sults in these models predicting similar best-fit models.870

4.3. RM scatter profiles in TNG-Cluster871

The analytic models are able to estimate the best-872

fit mean magnetic strength and scaling with electron873

density of A3581 from a set of assumed values. How-874

ever, the models fail to reproduce the non-monotonic875

nature of the RRM scatter profile for r > 0.75 Mpc.876

To better understand the origin of this behavior, we877

investigate the RRM scatter profiles of the simulated878
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Figure 4. RRM scatter plots as a function of radius for cluster models with lognormal fluctuations in their thermal electron
density and various values of B0 and η. For each model, we ran ten iterations; the solid red line indicates the median RRM
scatter and the shaded region indicates the 1σ scatter. The solid blue line is the observed RRM scatter in A3581 as in Figure
3(b), with the shaded region indicating the uncertainty. The red dotted line indicates r = 0.75 Mpc, beyond which we do not
compute the overlap metric (Eq. 18).

clusters in the MHD cosmological zoom-in simulation879

TNG-Cluster6 (Nelson et al. 2024).880

TNG-Cluster re-simulated 352 massive clusters sam-881

pled from a 1 Gpc3 size cosmological box with a high882

baryonic mass resolution ∼ 107M⊙. The simulations883

were performed using the moving-mesh code AREPO884

(Springel 2010), which implements state-of-the-art as-885

6 https://www.tng-project.org/cluster/

trophysics models that successfully reproduce a broad886

range of observed properties across different scales (e.g.,887

Pillepich et al. 2018; Vogelsberger et al. 2018; Barnes888

et al. 2018; Marinacci et al. 2018). Unlike the ana-889

lytic models, TNG-Cluster provides a direct estimate890

of RM by solving the ideal continuum MHD equations,891

allowing for the self-consistent evolution and amplifica-892

tion of intracluster magnetic fields (Pakmor et al. 2011).893

From an initial homogeneous magnetic field strength of894

10−14 comoving Gauss, the field is amplified through895
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compression, turbulence, and shear flow, reaching µG-896

scale strengths in the cluster environment (Marinacci897

et al. 2018; Nelson et al. 2024).898

We estimate RM in the simulated clusters by mimick-899

ing the observation. We begin by selecting 121 galaxy900

clusters from the simulation at redshift z = 0, with901

masses in the range M500 = [1.4, 3.4] × 1014 M⊙. For902

each simulated cluster, the RMs are placed at the ob-903

served positions in A3581 and scaled by R500 to preserve904

their spatial distribution relative to the cluster center.905

The RM contribution from the simulated ICM is com-906

puted using all gas particles within a projected depth907

of ±2R200 from the cluster center along the LOS. The908

size of each gas particle is estimated from its mass and909

density, assuming a spherical geometry. We identify par-910

ticles whose radial size is larger than their shortest dis-911

tance to the line of sight to an RM, such that they in-912

tersect the LOS and contribute to the RM. Then, the913

contribution to the RM from each intersecting parti-914

cle is calculated using its LOS magnetic field compo-915

nent, electron density, and the chord length of the LOS916

path through its spherical volume. For RMs identified917

as Faraday complex, we follow the same procedure of918

averaging Stokes Q and U as in Section 3.5.919

Finally, to improve the statistics and incorporate pro-920

jection effects, we repeat the procedure along the x, y,921

and z projection axes. For each projection, we gener-922

ate 18 different realizations by rotating the RM posi-923

tions around the cluster center in 20-degree increments,924

while preserving their relative positions in units of R500.925

This results in 54 realizations for each cluster, producing926

∼6500 RRM profiles in total.927
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Figure 6. Comparison of the RM scatter in A3581 (in blue)
and three simulated analogues (in red) of separate clusters
that were found in TNG-Cluster. The different simulated
clusters are indicated by different line styles.

Figure 6 presents the three simulated analogues of sep-928

arate clusters from TNG-Cluster whose RM scatter pro-929

files most closely resemble that of A3581. These clusters930

were identified by searching for cluster configurations931

that minimize the overlap metric Φ (given in Equation932

18) over all radii. The overlap metric for these clusters933

was found to be 0.271, 0.274, 0.341. As shown in Figure934

6, TNG-Cluster exhibits analogues where the simulated935

clusters show a comparable enhancement in the RRM936

scatter at ∼ 1.1R500, with the elevated scatter extend-937

ing over a radial width of∼ 0.4R500. This trend is highly938

sensitive to the spatial distribution of RMs, as the scat-939

ter profile becomes monotonically declining when RMs940

are projected along a different axis or under a different941

rotation. One of the simulated analogues is a CC cluster,942

one is a weak cool core (WCC) cluster, and the other943

is a non-cool core (NCC) cluster based on the central944

entropy (Lehle et al. 2024).945

Figure 7 presents the LOS magnetic field of the CC946

analog to A3581 in TNG-Cluster; this analog has the947

Halo ID 250, and was found to have an overlap metric948

value Φ = 0.274 and is shown as the dash-dot line in949

Figure 6. This system appears to be interacting with a950

neighboring cluster to the north through accreting mass951

and also in the process of merging with a subcluster952

to the east. As presented in the RM map of this clus-953

ter, this activity has resulted in the enhancement of RM954

scatter in the outskirts of the cluster, and has stretched955

the magnetized ICM along the axis of collision with the956

subcluster beyond R500. This suggests that the non-957

monotonic nature of the RRM scatter at the cluster out-958
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Figure 7. Logarithm of the LOS magnetic field strength for
the CC simulated analogue cluster from the TNG-Cluster
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circles represent the positions of the sampled RMs (obtained
from the observation of A3581).

skirts is tracing the in-falling subcluster and that we are959

observing a complex scatter profile that cannot be fully960

described by a single halo profile.961

4.4. The RRM clump in Abell 3581962

From MHD simulations, it is known that CC clus-963

ters often undergo sloshing motions that create cold964

fronts that lead to amplification of the magnetic field965

and large-scale asymmetry in the magnetic field strength966

and structure (Zuhone & Roediger 2016; Donnert et al.967

2018). Furthermore, the infalling of mass into a clus-968

ter also creates cold pockets around the infalling mat-969

ter, leading to local amplification in the magnetic field970

strength and to small-scale asymmetry in the magnetic971

field (Tevlin et al. 2024). Additionally, as noted in Sec-972

tion 4.3, CC clusters that are currently undergoing a973

(minor) merger might also portray large-scale asymme-974

try in the magnetic field and the electron density of the975

cluster. This is shown by the enhanced magnetic field976

at (X,Y) = (−1, 0.4) Mpc in the simulated cluster from977

TNG-Cluster, presented in Figure 7.978

Figure 8 presents an RRM bubble plot for A3581 over-979

laid on an X-ray image taken from eRASS1 (Merloni980

et al. 2024) in the 0.2−10 keV band. Based on this981

figure, it is likely that A3581 also possesses significant982

substructures in the ICM that are causing the (radially983

averaged) scatter to be non-monotonic. In particular, we984

note the clumping of the high-magnitude RRMs east of985

the cluster center at a radius of ∼ 1.1 Mpc, which is the986

radius at which the RRM scatter profile for A3581 seems987

to peak. The RRMs in this clump have the opposite sign988

to the RRMs in the centre of the cluster (which are pre-989
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Figure 8. RM bubble plot for the A3581 RRM values over-
laid on an X-ray image taken from eRASS1 in the 0.2 − 10
keV band. The bubbles represent the location of the RRMs.
Red bubbles indicate positive RRMs, and blue bubbles in-
dicate negative RRMs. The size of the bubble is linearly
proportional to the magnitude of the RRM, with the largest
bubble of radius 0.3 deg on the sky representing an RRM
of 100 rad m−2. The solid black circle indicates 2R500 for
A3581 and the dashed black line indicates a circle of radius
1.1 Mpc. The solid green circle indicates the virial radius of
the galaxy group [DZ2015b] 276.

dominantly positive). Furthermore, we have identified990

an optical sub-group [DZA2015b] 276 within A3581 as a991

possible cause for this clump of high magnitude RRMs.992

This group was identified by Dı́az-Giménez & Zandi-993

varez (2015) as part of a compact group catalog using994

velocity-filtered compact groups from the Two Micron995

All Sky Survey (Skrutskie et al. 2006) and the 2M++996

galaxy redshift catalog (Lavaux & Hudson 2011); we list997

some of the important properties of this group in Table998

3. As far as we are aware, this is the first single galaxy999

group that is detected in RMs while not strongly emit-1000

ting in X-rays.1001

Another possible cause for the clumping of high1002

magnitude RRMs is a clustering of background ra-1003

dio sources. Wen & Han (2024) have identified the1004

galaxy group WH-J140921.4-270516 at a redshift of1005

0.7416 that has an R500 of 0.35 Mpc with central co-1006

ordinates near [DZA2015b] 276, at (α, δ, J2000) =1007

(212.339 deg,−27.088 deg). However, none of our1008

RM sightlines intersect WH-J140921.4-270516 within its1009

R500, so it is unlikely to be contributing to the enhanced1010

RM scatter.1011

4.5. Cluster merger axis from RRM grid1012
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Table 3. Basic properties of [DZ2015b] 276 taken from Dı́az-
Giménez & Zandivarez (2015).

Property Measurement

Centre (ICRS) (14h 09m 22.1s, −27◦ 06′ 07′′)

Group redshift 0.0214

Rvir (Mpc) 0.507

Mvir (M⊙) 3.32× 1013

In the simplest scenario of uniform magnetic field1013

strength B and electron density ne (e.g. Murgia et al.1014

2004; Böhringer et al. 2016), the RRM scatter (or the1015

variance of RRMs) probes the combination of electron1016

density, magnetic field strength and magnetic field co-1017

herence scale as:1018

σ2
RRM ∝ ℓc

∫ d

0

[neB∥]
2 dl, (19)1019

where ℓc is the scale on which the magnetic field di-1020

rection is coherent. In reality, all of these parameters1021

can vary as a function of location in the cluster. From1022

Equation 19, and as illustrated in Fig 7, we expect the1023

RM scatter to be most axially symmetric about the pro-1024

jected axis of a merger, as this is the axis about which1025

the projected electron density and the magnetic field1026

strength are most symmetric. Therefore, we probe pos-1027

sible merger axes using the axis of symmetry of the RRM1028

scatter. We note here that we are unable to discern the1029

full three-dimensional structure of possible merger axes1030

as we are limited to only discerning two-dimensional in-1031

formation of merger axes as the RM is a LOS probe.1032

In general, RRMs are expected to have higher mag-1033

nitudes near the center of the cluster (as a greater col-1034

umn depth is probed through the ICM) but the RRM1035

grid of the cluster might also have a separate preferred1036

center (near where the |RRM| peaks) than the X-ray1037

centroid. Therefore, we define the ‘center of rotation1038

measure’ (CORM) as:1039

(αCORM, δCORM) =

∑N
i=1(αi, δi)|RRMi|∑N

i=1 |RRMi|
, (20)1040

1041

where (α, δ) are the right ascension and declination at1042

J2000 in ICRS, and the sum is taken over all RRMs.1043

The main motivation behind defining this quantity is1044

that we are searching for an axis of symmetry in the1045

RRM grid. Therefore, it is not ideal for us to search for1046

an axis of symmetry about the X-ray centroid. Then, we1047

split the cluster into two halves through the CORM and1048

calculate the scatter in each of the split regions (taken1049

to be IQR/1.349) as a function of the position angle1050

of the splitting axis. The axis of symmetry of the RRM1051

scatter is determined by minimizing the difference in the1052

standard deviations of the two sides.1053

We calculated the CORM and the axis of symmetry1054

for the RRM scatter for the simulated analogs from1055

TNG-Cluster, as displayed in Figures 9(a), 9(b) and1056

9(c). Here, we have computed these quantities using1057

both the full RM image, as well as sampling the RM1058

image identical to our observations. The difference in1059

the scatter in the two halves for each of the clusters1060

with the sampled RMs is displayed in Figure 9(d). No-1061

tably, we see that there are only certain position angles1062

along which the scatter in the RMs of the two sides is1063

minimized; these correspond to the axis of symmetry for1064

the RM scatter. Furthermore, as we expect using Equa-1065

tion 19, if we use the full RM images, the axis of sym-1066

metry that is found aligns well with the merger axis of1067

both previous and current mergers. However, the axis of1068

symmetry from the sampled RMs might deviate mildly1069

(see Figure 9(a)) to significantly (see Figure 9(c)) from1070

the axis of symmetry predicted using the full RM image.1071

This discrepancy is primarily caused by the clustering1072

of RMs and the sparsity of the RM grid. Therefore, we1073

apply the axis of symmetry for the RM scatter to our1074

observations with caution, noting that it is possible that1075

we predict a merger axis in A3581 within error or that1076

we are significantly deviating from any real merger axis.1077

For A3581, we found that (αCORM, δCORM, J2000) =1078

(212.052±0.014 deg,−27.137±0.013 deg) (indicated as1079

a plus sign in Figure 1(b)), which is ∼ 314±29 kpc to the1080

south-east of the X-ray centroid. Figure 10(a) portrays1081

the axis of symmetry for A3581. Figure 10(b) displays1082

the difference in the standard deviation of the RRMs1083

between side 1 and 2. The difference in scatter crosses1084

zero at angles of 48 deg and 56 deg. This allows us to1085

determine that the axis of symmetry of the cluster lies1086

at an angle of θ = 52±4 deg (indicated as a dashed line1087

in Figure 1(b)). This indicates that the combination of1088

properties noted in Equation 19 are similar, on average,1089

on either sides of this axis. Interestingly, the RRMs have1090

opposite signs on either sides of this axis, indicating a1091

possible preferential direction of the magnetic field on1092

either side of this axis. Additionally, the merger axis we1093

have calculated also traces the position of the optically1094

identified sub-group [DZ2015b] 276.1095

4.6. RRM scatter enhancement due to cluster members1096

For RRMs that have small impact parameters to clus-1097

ter members in a galaxy cluster, there is likely an en-1098

hancement in the RRM scatter due to the circumgalactic1099

medium (CGM) of the member galaxy. To investigate1100

this effect properly, it is best to use spectroscopically1101

confirmed cluster members. However, we are limited to1102
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Figure 9. (a), (b), (c) RM images of the closest matches to A3581 in TNG-Cluster (Halo IDs 250, 255 and 231, respectively).
The dotted circles indicate 2R500 of the clusters, the solid circles indicate the positions of the sampled RMs from the full image.
We note here that the positions of the samples are different for each of the clusters because these are different rotations. The
black and green lines (and plus sign) indicate the axis of symmetry of the RM scatter (and CORM) computed using the full
RM image and just the sampled RMs, respectively. (d) The magnitude of the difference in RM scatter for the two split sides
of the closest matches in TNG-Cluster as a function of the position angle (displayed with solid lines), along with the 1σ error
(displayed with the shaded regions). The red dotted line indicates identical scatter in both sides.

the photometric samples as the sparse availability of op-1103

tical spectra (only 7 RMs) prevents us from drawing1104

meaningful conclusions with only spectroscopic mem-1105

bers. For this reason, we used galaxies that were ob-1106

served by Pan-STARRS1 (PS1) survey (Chambers et al.1107

2016), calculated the photometric redshifts, and deter-1108

mined cluster membership by using a fixed gap of 10001109

km s−1. To prevent spurious associations due to large1110

uncertainties in the photometric redshifts, we included1111

only galaxies with a fractional uncertainty in the photo-1112

metric redshift less than 0.4. This left us with 645 poten-1113

tial cluster members within 2R500 of the X-ray centroid1114

(and 150 cluster members within R500). This number of1115

galaxies is consistent with the richness of similar mass1116

clusters in MHD simulations such as TNG-Cluster; an1117

example of such a simulated cluster in TNG-Cluster is1118

the one with Halo ID 861, which has a richness of 1281119

galaxies7 (Nelson et al. 2024).1120

7 https://www.tng-project.org/files/TNG-Cluster Catalog.txt

https://www.tng-project.org/files/TNG-Cluster_Catalog.txt
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Figure 10. (a) An RM bubble plot of A3581. The bubbles represent the location of the RRMs; red bubbles are for positive
RRM and blue bubbles are for negative RRMs. The size of the bubble is linearly proportional to the RRM, with 100 rad m−2

having a bubble with radius of 0.3 deg on the sky. The CORM is indicated with a plus sign and the axis of symmetry of the
RRM scatter is indicated with a straight dashed line. The black dots indicate the location of Faraday complex RMs (see Section
4.7) (b) The magnitude of the difference in RM scatter for the two split sides as a function of the position angle. The red dotted
line indicates identical scatter in both sides.

For each RRM, we calculated the impact parameter,1121

bnearest, to the closest member galaxy. From this, we1122

computed the observed scatter in the RRMs as a func-1123

tion of the impact parameter: σRRM,CGMobs
. Addition-1124

ally, to account for the scatter in the RRMs due to the1125

ICM in each bin, we model the statistical distribution1126

of the ICM contribution to the observed RRMs as ran-1127

dom variables that are normally distributed around 01128

rad m−2 with a standard deviation given by σRRM,corr.1129

Then, for each bin, we compute the ICM contribution,1130

σRRM,ICM, to be the interquartile scatter (divided by1131

1.349) of the resampled RRMs. Finally, we compute the1132

ICM-corrected CGM scatter as:1133

σRRM,CGM =
√
σ2
RRM,CGMobs

− σ2
RRM,ICM. (21)1134

1135

Figure 11(a) displays the RRMs as a function of the1136

impact parameter to the nearest cluster member, and1137

Figure 11(b) displays the running scatter in the RRM1138

(corrected for ICM contributions) as a function of im-1139

pact parameter. We do not observe an increase in RM1140

scatter for sightlines with smaller impact parameters to1141

potential cluster members.1142

4.7. Faraday complexity1143

As noted previously, most of the RRMs in our sam-1144

ple have been found to be simple using the criteria out-1145

lined in Appendix C. This indicates that the cluster (and1146

any other material along the LOS) does not cause sig-1147

nificant depolarization observable within the POSSUM1148

band. The relatively small bandwidth of the POSSUM1149

observations (800-1088 MHz) might be a reason why we1150

fail to detect significant depolarization. However, the1151

fact that we do not observe multiple peaks in most of1152

the FDFs is a good indication that our data are domi-1153

nated by simple emitting sources that are not associated1154

with a Faraday rotating medium, and that the Faraday1155

rotation is dominated by the ICM and the Milky Way.1156

Furthermore, we explored possible correlations with1157

the distribution of the RRMs on the sky and their Fara-1158

day complexity (with complex RMs being indicated by1159

black dots) as displayed in Figure 10(a). In particular,1160

we found that 50% of the Faraday complex RMs lie along1161

the axis of symmetry. Half of the Faraday complex RMs1162

along the axis have a best-fit QU model given by Equa-1163

tion 8, and the other half have the best-fit QU model1164

given by Equation 10. In particular, we note that both1165

of these models imply that there are two separate Fara-1166

day components within a single telescope beam (and1167

are therefore unresolved). This indicates that there are1168

likely multiple different regions that are rotating along1169

the LOS across the axis of symmetry (Brentjens & de1170

Bruyn 2005).1171

We also explored if there is any correlation between1172

the magnitude of RRMs and the depolarization parame-1173

ter ΣRM. In the case that the model had two depolariza-1174



18

0 50 100 150
bnearest (kpc)

50

25

0

25

50

75

100
RR

M 
(r

ad
 m

2 )

(a)

20 40 60 80 100
bnearest (kpc)

0

5

10

15

20

25

RR
M

,C
GM
 (

ra
d 

m
2 )

(b)

Figure 11. (a) The RRMs as a function of the impact parameter to the nearest member galaxies to the RRM. (b) The
ICM-corrected running scatter in the RRM as a function of the impact parameter to the closest member galaxy to the RRM.
To calculate the scatter, we used a running bin and fixed the number points per bin to be 20.
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Figure 12. The RRMs (in rad m−2) as a function of the de-
polarization parameter ΣRM (in rad m−2). The gray points
indicate RMs where we were unable to determine ΣRM from
QU -fitting, and the blue points indicate the ones where we
were able to measure ΣRM.

tion parameters, we took the depolarization of the com-1175

ponent that had a higher fractional polarization. When1176

the best-fit model had no depolarization term present,1177

we set ΣRM = 0 rad m−2. Figure 12 displays the magni-1178

tude of the RRMs as a function of ΣRM. For the RMs for1179

which we were able to detect depolarization, the mag-1180

nitudes of RRM and ΣRM do not appear to show any1181

correlation.1182

5. DISCUSSION1183

5.1. The RRM scatter profile of Abell 35811184

As shown in Figure 8, the non-monotonic nature of1185

A3581’s RRM scatter profile for r > 0.75 Mpc is most1186

likely caused by the clumping of high magnitude RRMs1187

at r ∼ 1.1 Mpc. However, another possible explanation1188

for the enhancement at r ∼ 1.1 Mpc is that there might1189

be more complete depolarization of radio sources near1190

the cluster center due to the increased magnetic field1191

strength and column density of thermal electrons (e.g.,1192

Murgia et al. 2004; Osinga et al. 2022). This increase1193

in complete depolarization would decrease the number1194

of RMs we detect near the cluster center and therefore1195

would lead to a decrease in the scatter of the RRMs1196

near the cluster center that we observe. However, the1197

RRM grid density as shown in Figure 13 appears to be1198

fairly similar at r < 1 Mpc and r > 1 Mpc, indicating1199

that this is not the case8. Furthermore, since we sample1200

the models (in Section 3.5) at equivalent locations to1201

observed RMs, it is unlikely that this is the case as none1202

of the models display this non-monotonic RM scatter1203

profile.1204

Furthermore, we investigated whether there was any1205

enhancement in RMs due to the CGM of cluster galax-1206

ies. However, as shown in Figure 11(b), there does not1207

seem to be any statistically significant enhancement in1208

scatter close to cluster members (which is what we ex-1209

pect). Because of this, our modeling of the ICM (where1210

we have not considered any contribution due to the1211

CGM) is valid. Nevertheless, the effect of the CGM on1212

8 Here the uncertainties are obtained by assuming that the number
count of RMs follows a Poisson process.
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Figure 13. The density of RRMs as a function of radius (in
bins of size 0.3 Mpc) from the X-ray centroid of A3581.

studying the surrounding plasma will likely be probed1213

much better for galaxy groups and clusters (and individ-1214

ual galaxies) that are much closer to the observer, where1215

there are multiple RMs to probe the CGM of a single1216

galaxy. This will be investigated further in upcoming1217

POSSUM works.1218

5.2. Magnetic field modeling1219

All of the magnetic field and electron density models1220

that we have tested produce a monotonic decline in the1221

scatter, indicating that more detailed models are likely1222

needed to include the complexity in real clusters.1223

Models of the inner 0.75 Mpc, centered on the X-1224

ray peak with values of ne(0) fixed at 33.6 × 10−3
1225

(Tanaka et al. 1994) and the radial profile of the electron1226

density determined from a self-similar scaling (Osinga1227

et al. 2025), show that A3581’s RRM scatter profile1228

is well-modeled by a magnetic field profile with B0 =1229

2.5 µG, η = 0.50. At larger radii, the magnetic field1230

may change its relation with the thermal gas density1231

as mergers or bulk motions have a strong impact on1232

RM scatter. We found that the magnetic field of Abell1233

3581 cannot be modeled with an analytical profile above1234

r = 0.75 Mpc. This is consistent with the picture of a1235

relaxed cool core in the interior and enhancement in the1236

outskirts (where the RRM scatter is no longer mono-1237

tonically decaying) due to enhancements in gas density1238

and magnetic field strength caused by interactions with1239

neighboring systems (as noted in Section 5.1). This im-1240

plies that it is important to revise the simple radial pic-1241

ture of cluster magnetic fields as given by Equation 11242

and compare to full MHD simulations of cluster mag-1243

netic fields in a cosmological context.1244

We note here that one of the biggest caveats in our1245

assumption of modeling the cluster is that we do not1246

know the true electron density profile. X-ray observa-1247

tions have constrained A3581 to have a cool-core with1248

ne(0) = (33.60+0.00
−14.02) × 10−3 cm−3 (Fukazawa et al.1249

2004; Johnstone et al. 2005). Therefore, we assume that1250

its profile is similar to that of other CC clusters, scaled1251

to this central electron density.1252

On a cluster-to-cluster basis, our models (see Section1253

3.5) are not accurate enough to predict the complex-1254

ity of the ICM compared to the MHD simulated clus-1255

ters from TNG-Cluster, some of which portray similar1256

RM scatter profiles as A3581 as noted in Section 4.3.1257

However, we note that our cluster models are still ap-1258

plicable when studying the mean properties of clusters,1259

given sufficiently large sample sizes. Figure 14 displays1260

a comparison of the RM scatter for one of our mod-1261

els and the median RM scatter profile (where the me-1262

dian is taken over all possible realizations) for 11 CC1263

clusters (594 realizations), 86 WCC clusters (4644 re-1264

alizations), and 24 NCC clusters (1296 realizations) in1265

the mass range M500 = [1.4, 3.4]× 1014 M⊙ from TNG-1266

Cluster. In particular, the most significant differences1267

between entropy-based cluster classifications emerge at1268

r < 0.5 R500, while the median profiles converge around1269

and beyond R500.1270

Furthermore, we note that the NCC clusters have the1271

largest RM scatter and CC clusters have the lowest RM1272

scatter at low R500. In general, we expect CC clusters1273

to have higher B and ne at the centers of clusters (e.g.,1274

Clarke 2004; Osinga et al. 2025). The higher RM scatter1275

in NCC clusters is possibly due to enhanced turbulence,1276

as they are more likely to have recent merger activity1277

(e.g., Lee et al. 2024; Lehle et al. 2025).1278

We found that the model that most closely resembles1279

the RM scatter profile of the MHD clusters has param-1280

eter values of B0 = 10 µG and η = 0.50. This is con-1281

sistent with parameter values that have been found in1282

previous studies (e.g., Bonafede et al. 2010). The close1283

resemblance of the TNG-Cluster RM scatter profiles to1284

those of our models and to parameter values found in1285

previous observations shows that our models are viable1286

when carrying out stacking studies of clusters, but might1287

fail in capturing the complexity of individual clusters.1288

5.3. Mergers in TNG-Cluster and Abell 35811289

From TNG-Cluster, we have identified clusters with1290

comparable masses to A3581 that also exhibit a simi-1291

lar RRM scatter profile (see Figure 6). To gain further1292

insight into the possible origin of these features, we an-1293

alyze the cosmic evolution of the simulated analogs. In-1294

terestingly, we find that all simulated analogs present1295
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elevated magnetic field strengths near the outskirts (re-1296

gardless of their core’s entropy) and they all seem to1297

be currently interacting or have interacted with other1298

nearby clusters and groups (either through cluster merg-1299

ers or through accretion of gas). Furthermore, we were1300

able to find the merger axis of the clusters using the1301

scatter in the RRMs of the full RM image. We noted1302

that the predicted merger axis may deviate significantly1303

from the true merger axis based on how the RM image1304

is sampled. Finally, given that all the simulated ana-1305

logues in TNG-Cluster have different entropy cores, we1306

note that the state of the core seems to have no strong1307

implications for the magnetic field strength and electron1308

density content of the ICM at the outskirts of the clus-1309

ter.1310

Due to the simulated analogs having undergone past1311

or present merger activity, we explore this explanation1312

for the clumping of high magnitude RRMs at r ∼ 1.11313

Mpc (which have the opposite sign to the RMs near1314

the X-ray centroid that are predominantly positive). A1315

possible explanation for the enhancement of RM in the1316

outskirts in A3581 might be present interaction with the1317

neighboring groups or the clusters that we have identi-1318

fied in Figure 1(a); this situation is similar to that of the1319

CC simulated analog displayed in Figure 7. However, an1320

X-ray analysis of A3581 revealed a sloshing cold front1321

near the X-ray core (Canning et al. 2013), which can1322

hint at past merger activity as well. Thus, a subclus-1323

ter that triggered the sloshing motion in A3581 might1324

also be the source of the clumping at r ∼ 1.1 Mpc and1325

depending on the radiative cooling time at the center,1326

it may be possible to produce the low-entropy core at1327

the center while the disturbances caused by the merger1328

remain at the outskirts. It is also possible that the cool1329

core was never or is not yet destroyed during a recent or1330

current minor off-axis merger (e.g., Valdarnini & Sarazin1331

2021). This last explanation seems to be the most likely1332

due to the presence of the optically detected galaxy sub-1333

group [DZ2015b] 276. For A3581, we have identified a1334

possible merger axis at θ = 52 ± 4 deg (which is likely1335

tracing the merger axis of A3581 with the galaxy group1336

[DZ2015b] 276), noting that this is highly dependent on1337

the spatial distribution and number of our background1338

RMs. We note here that we are able to begin to quan-1339

tify the asymmetry in the RM grid due to the increased1340

source density of POSSUM. Previous studies have been1341

constrained to assuming that the RM scatter in clus-1342

ters is radially symmetric. Future deep X-ray obser-1343

vations showing the gas density distribution out to and1344

beyond R500 will shed further light into the merger state1345

of A3581.1346

To date, the only other single system that is observed1347

to show a similar deviation from spherical symmetry in1348

the RM grid’s scatter, as well as having enhancement1349

σRRM in the outskirts is the Fornax cluster, which was1350

studied first with POSSUM by Anderson et al. (2021)1351

and then with the MeerKAT telescope by Loi et al.1352

(2025). Both of these studies found a large coherent1353

‘RM stripe’ in the Fornax cluster. Furthermore, we com-1354

pare our results with the findings of Osinga et al. (2025),1355

who found a similar non-monotonic RM scatter profile1356

in stacked NCC clusters, albeit at lower projected radii1357

(∼ 0.3R500). A similar elevated RM scatter at large1358

radii has also been seen in lower mass systems, such1359

as galaxy groups, by Anderson et al. (2024). This indi-1360

cates that the RRM scatter in clusters might be showing1361

a deviation from radial symmetry that can only be ob-1362

served with increased polarized source densities. The1363

results from these works and the findings in the RRM1364

grid of A3581 indicate that, given a high enough density1365

of polarized background sources, we may detect simi-1366

lar non-monotonic RM scatter profiles due to cluster-1367

specific features. Additionally, we expect our method1368

to probe a cluster’s merger axis using the RM scatter1369

to significantly increase in reliability with the SKA RM1370

grid, which is expected to have ∼ 100 polarized radio1371

sources per square degree (Heald et al. 2020).1372

Put together, the results of the above studies and our1373

findings in A3581 might indicate that the gas at the1374

outskirts of massive halos also significantly contributes1375

to RM enhancement due to enhancement in gas density1376

and magnetic field strength that are possibly caused by1377

interactions with neighboring clusters and groups. Fu-1378
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ture POSSUM observations of galaxy groups and galaxy1379

clusters in the local universe will shed further light on1380

this.1381

Additionally, a notable detail is that the RRMs ap-1382

pear to have opposite signs on either sides of the merger1383

axis; the RRMs to the north of the merger axis are pre-1384

dominantly positive, and those to the south are predom-1385

inantly negative. This change in the sign could point to1386

the presence of large-scale ordered fields in the ICM,1387

potentially indicating the presence of a tangential or1388

toroidal magnetic field component. However, another1389

plausible explanation is that this large-scale sign change1390

is caused by a residual GRM that we have not corrected1391

for, particularly since we expect the Galactic magnetic1392

field to be ordered on large angular scales, compared to1393

the magnetic field of the ICM.1394

6. CONCLUSION1395

We have conducted a detailed study of the magnetic1396

field properties of the nearby massive cool core cluster,1397

Abell 3581 using 111 rotaion measures (RMs) from the1398

POSSUM survey. This is the first study focused on a1399

single cluster that uses more than 20 RMs to constrain1400

the properties of the magnetized ICM through compar-1401

ison with models and MHD simulations.1402

The RMs were obtained using 1D RM-synthesis. We1403

concluded that most of the RMs in our sample were sim-1404

ple (as determined using RM-synthesis and QU -fitting),1405

and were then corrected for Galactic contributions to1406

obtain residual RMs (RRMs). The results of this work1407

are summarized as follows:1408

1. The RRM scatter profile of A3581 as a function1409

of radius from the cluster center shows an ini-1410

tial monotonic decline but then becomes non-1411

monotonic for r > 0.8R500.1412

2. We compared the observed RRM scatter in A35811413

to the scatter in modeled clusters, by modeling the1414

magnetic field as a Gaussian random field with1415

fluctuations described with a Kolmogorov power1416

spectrum and a universal density profile. Addi-1417

tionally, for the first time, we have also accounted1418

for fluctuations in the electron density content by1419

modeling them as a lognormal field. The inner 0.751420

Mpc, centered on the X-ray peak, is well-modeled1421

by a magnetic field with central magnetic field1422

strength B0 = 2.5 µG that scales with the assumed1423

electron density (with ne(0) = 33.6 × 10−3 cm−3
1424

and the radial profile of the electron density deter-1425

mined from a self-similar scaling) as B ∝ n0.5e .1426

3. For the first time, we directly compared the RRM1427

grid of an observed cluster with simulated RM1428

grids from full MHD simulated clusters. We1429

found three simulated analogs in TNG-Cluster1430

that have similar non-monotonic RM scatter pro-1431

files to A3581; one of these is a cool core cluster,1432

one of these is a weak cool core cluster, and the1433

other is a non-cool core cluster. All the analogs1434

display present or past merger activity.1435

4. We have identified a clump of high magnitude1436

RRMs near r ∼ 1.1 Mpc that have the opposite1437

sign to the RRMs near the X-ray centroid, and co-1438

incide with the position of the optically detected1439

galaxy group [DZ2015b] 276. To our knowledge,1440

this is the first single galaxy group to be detected1441

in RMs while not strongly emitting in X-rays.1442

5. Using the scatter in the RRM grid, we have identi-1443

fied a possible merger axis in A3581 at a position1444

angle of θ = 52 ± 4 deg, which traces the posi-1445

tions of the high magnitude RRM clump and the1446

galaxy group [DZ2015b] 276. The RRMs have op-1447

posite signs on either sides of this axis, indicating a1448

possible preferential large-scale magnetic field di-1449

rection or residual galactic rotation measure.1450

In summary, the comparison of the RRM grid to MHD1451

simulations and analytic models paints a picture where1452

Abell 3581 is a dynamically interacting cool-core cluster,1453

with a monotonically declining magnetic field strength1454

out to r = 0.75 Mpc, consistent with a constant mag-1455

netic to thermal energy density ratio, and an enhance-1456

ment in RRM scatter likely caused by the galaxy group1457

[DZ2015b] 276, which is 1.1 Mpc east of the center.1458

This paper lays the groundwork for detailed studies of1459

the magnetic field properties of single clusters using up-1460

coming polarization surveys, such as POSSUM and the1461

MeerKAT Large Area Synoptic Survey (Santos et al.1462

2016).1463
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A. GALACTIC RM CORRECTION1577

A.1. Techniques to correct for the Galactic RM1578

The Galactic RM map of Hutschenreuter et al. (2022) was produced by reconstruction from sparse data points (that1579

were compiled from almost all Faraday rotation data sets available at the time) using a Bayesian inference algorithm.1580

They model the Galactic RM sky as the product of a lognormal random amplitude field, eρ, and a Gaussian random1581

sign field, χ :1582

GRM = χeρ. (A1)1583
1584

They then infer χ and ρ from sparse data. Their nominal resolution is accurate down to scales of ≲ 0.1145 deg;1585

however, since in some regions of the sky their data density is approximately 1 RM deg−2, the resolution ends up1586

being much poorer than the nominal resolution of their GRM map.1587

Khadir et al. (2024) tested a variety of interpolation techniques (including BRMS) to reconstruct the RM sky.1588

They found that BRMS performs the best, with NNI performing similarly across a variety of RM structures and data1589

properties. To accurately test the use of NNI for producing a GRM map, we ensured that the data being used for1590

the interpolation do not have any extragalactic contribution. For this reason, we removed RMs that probe possible1591

extended extragalactic structure. This includes RMs that lie within 2R500 of A3581, the other nearby clusters, or any1592

bridges between clusters. The masked RM grid is displayed in Figure A1. Further, isolated extragalactic contributions1593

to each of the remaining RMs must also be taken into account. To do this, we followed the method proposed by Khadir1594

et al. (2024) and removed any RMs that were not within 3σ of the mean of the 10 neighboring RMs. This assumes1595

that the fluctuations of the GRM take place at much larger scales than that of isolated extragalctic RMs. Once these1596

RMs were obtained, we ran NNI to reproduce a GRM map.1597

The method used for ERGS is described in Section 3.3, which was used on the un-masked RM grid. Additionally,1598

we also tested the use of ERGS on the masked data; however, there were no marked changes in the results. The1599

GRM values for each of the corrections are displayed in Figure A2. The resultant RRM grids from each of the GRM1600

corrections are displayed in Figure A3. By eye, the RRM grids appear to have the same large-scale structure with1601

many small-scale variations in the RRMs; the difference between H22 and the other techniques is quite stark because1602

H22 uses a nearly constant GRM value across the whole cluster. A possible reason for the difference in RRM grids1603

between NNI and ERGS is the way we have defined extragalactic structure used to produce the NNI GRM map, which1604

indicates that NNI is likely very sensitive to the way the RMs are masked; therefore, we decided against using it in1605

our analysis.1606

A.2. RRM scatter profiles1607

We are most interested in the effect that the GRM corrections have on the RRM scatter profile, which is the main1608

observable that we utilize in our analysis. The RRM scatter profiles for each of the GRM corrections is presented1609

in Figure A4. The most notable feature in all the profiles is the nearly zero RRM scatter for the H22 correction,1610

which is incredibly uncharacteristic of cluster scatter profiles. NNI and ERGS both portray the same overall features:1611

a gradual decline until ∼ 0.7 Mpc, an increase to a peak at around ∼ 1.1 Mpc, and then a gradual decline until it1612

reaches roughly zero scatter around ∼ 2 Mpc. This supports our decision to avoid using the H22 correction, and our1613

choice of ERGS.1614

B. CLUSTER MEMBERSHIP OF SOURCES1615

For determining the cluster membership of sources, we used optical data from PS1. The 3σ, 6σ, 12σ, 24σ radio1616

contours of the radio sources were plotted over optical images from PS1. Then, we determined the most likely optical1617

counterpart for the radio source by eye. Because A3581 is a low redshift cluster (z = 0.0221), we expect to find bright1618

optical counterparts for all radio-emitting sources that are located in the cluster. Thus, if an optical source could not1619

be seen in the image, we determined that the radio source was likely a background source.1620

If an optical source was found, we determined the photometric redshift of the source using the code from Tarŕıo &1621

Zarattini (2020). We also cross-matched the photometric redshifts with spectroscopic redshifts for the sources that1622

had spectra available in the literature. If the spectroscopic redshift was significantly different from the calculated1623

photometric redshift, we used the spectroscopic redshift. Once we determined a redshift for a source, we determined1624

cluster membership using a fixed gap of 1000 km s−1 (Katgert et al. 1996), also accounting for uncertainties in the1625

photometric redshift.1626
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Figure A1. The masked RM grid (without a GRM correction). The red circle indicates 2R500 of A3581, and the green circles
indicate the same for other nearby clusters identified from the Wen & Han (2024) galaxy cluster catalog. The red lines indicate
the boundary of possible bridges between clusters, and we assume a typical bridge radius of ∼ 1 Mpc.
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Figure A2. The GRM grids obtained from using the H22, NNI and ERGS GRM corrections. The black circles in each case
indicate 2R500 of A3851.

A sample radio-optical overlay plot is displayed in Figure B1. For this optical source, there are large bent radio lobes1627

and we observed a total of 5 polarized components (marked in red) across these lobes. However, for all the RRMs the1628

optical counterpart was chosen to be the same central source. For this radio source, we found a photometric redshift1629

of z = 0.156± 0.022 and a spectroscopic redshift of z = 0.300 (Flesch 2023), indicating that it is a background source.1630

While Figure B1 shows an example for a well-resolved radio galaxy, 72% of the RRMs in our sample are associated1631

with sources that are unresolved at the POSSUM beam size of 20 arcseconds.1632

Of the 115 polarized RMs in our RM sample, we were able to visually identify optical counterparts for 51 RMs;1633

of these 51 RMs, we were only able to obtain photometric redshifts for 35 RMs. Of these 35 RMs, we were able to1634

obtain a spectroscopic redshift for 10 of them. For the remaining 16 RMs (that do not have a photometric redshift1635

but do appear to have an optical counterpart), we obtained a spectroscopic redshift for 7 of them. For the remaining1636

9 RMs that we identified an optical counterpart for were all incredibly faint so we were able to safely classify them as1637

background sources despite not having photometric or spectroscopic redshifts. Figure 2(a) displays a histogram of the1638
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Figure A3. The RRM grids obtained from using the H22, NNI and ERGS GRM corrections. The black circles in each case
indicate 2R500 of A3851.
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Figure A4. The RRM scatter profiles for the H22 (left), NNI (middle), ERGS (right) GRM corrections.

redshifts obtained in our sample. Most of the RMs are background to the cluster as they have z > 0.1 and only 4 of1639

the RMs are at A3581’s redshift (within error).1640

To verify the accuracy of our photometric redshift calculation, we computed photometric redshifts for randomly1641

selected bright unpolarized sources in the POSSUM field and compared this obtained redshift to the spectroscopic1642

redshifts in the literature. Figure 2(b) displays a plot of the photometric and spectroscopic redshifts for 7 such sample1643

tests. Our calculated photometric redshifts agree well (within error) of the values found in the literature at low1644

redshifts. The only discrepancy that occurs is at high redshifts (z > 0.5). But in this case, the RM is already behind1645

the cluster through either measure so we can safely classify it as a R source.1646

Using the photometric and spectroscopic redshifts, we found only 4 RRM sources that were cluster members (i.e.1647

within a fixed velocity gap of 1000 km s−1 of A3581’s recession velocity). These sources were excluded from all our1648

analysis, leaving us with 111 RMs that have sources background to the cluster.1649

C. FARADAY COMPLEXITY METRICS1650

We used two metrics to quantify the Faraday complexity. The first metric is referred to as the σadd complexity metric1651

and is based on the QU -fitting of the linear Stokes spectra. The second metric is referred to as the second moment of1652

the cleaned peaks metric (m2) and is based on the number and size of peaks in the FDF (see also Vanderwoude et al.1653

2024).1654

The σadd complexity metric is obtained from fitting the fractional linear Stokes parameters with a Faraday simple1655

model. The structure in the residuals is then analyzed (Purcell & West 2017). If the Faraday simple model is a good1656

fit for the spectra, we expect that the residuals will have a Gaussian distribution with some standard deviation that1657

originates from the noise in the measurements. If the spectra are better fit with a more complex model, we expect1658

there to be some structure in the residuals; σadd quantifies this structure (see Vanderwoude et al. 2024, for details).1659
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Figure B1. The 3σ, 6σ, 12σ, and 24σ radio contours for a radio galaxy in the source catalog plotted on a false-color optical image
from PS1. The radio galaxy that hosts the radio lobes is the source in yellow-green is located at the following sky-coordinates
(α, δ, J2000) = (14h 05m 19.1s, −27◦ 54′ 42′′). The locations of the RMs obtained from this image are marked in red.
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Figure B2. (a) A histogram of the computed photometric redshifts. The red line indicates the redshift of A3581. Note that
we have limited the x-axis to a redshift of 0.5 for visibility purposes. Some computed photometric redshifts range to z = 1. (b)
A scatter plot of the photometric and spectroscopic redshift for 7 randomly selected bright unpolarized sources for which both
values were available. The red dotted lines indicate the redshift of A3581. The orange dotted line portrays the y = x line.

The second moment of the cleaned peaks metric, m2, is obtained from performing 1D RM-synthesis and then RM-1660

cleaning, using RM-CLEAN (Heald et al. 2009), which is implemented in RM-Tools9 (Van Eck et al., in preparation).1661

RM-Tools deconvolves the Faraday spectrum with the RM transfer function (RMTF) (analogously to Hogböm’s CLEAN1662

algorithm for radio imaging; Högbom 1974), which is defined as:1663

RMTF =

∑
j wje

−2iϕ(λ2
j−λ

2
0)∑

j wj
, (C2)1664

1665

9 https://github.com/CIRADA-Tools/RM-Tools

https://github.com/CIRADA-Tools/RM-Tools
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where the sum runs over all frequency channels, wj are the weights of the channel (which are inversely proportional1666

to the square of the noise in the channel), and λ0 is:1667

λ0 =

√∑
j wjλ

2
j∑

j wj
. (C3)1668

1669

This results in a ‘cleaned’ Faraday spectrum, F̃ . The second moment of the cleaned peaks is then defined as:1670

m2 =

[∑
j(ϕj − ϕ̄)2F̃j∑

j F̃j

]/
δϕ, (C4)1671

1672

where δϕ is the full width half maximum of the RMTF, the sum is taken over all frequency channels j and ϕ̄ is:1673

ϕ̄ =

∑
j ϕjF̃j∑
j F̃j

. (C5)1674

1675

Following Vanderwoude et al. (2024), we set a threshold for Faraday complexity of m2 = 0.5 and σadd = 1. However,1676

in our sample we found that it was difficult to classify sources near these boundaries. For this reason, we decided to1677

set a buffer region around each of these boundaries. For sources in the buffer region, we determined the complexity1678

using QU -fitting: if the best-fit QU model was simple and had a reduced chi-squared that was within 0.5 of 1, we1679

classified the source as simple, otherwise the source was deemed to be Faraday complex. For σadd we chose the buffer1680

region to be 1− 10−0.65 ≤ σbuffer
add ≤ 1 + 10−0.6, and for m2 the buffer region is 0.4 ≤ mbuffer

2 ≤ 0.6. For σRM, we chose1681

different sizes for the lower and upper boundary regions because the sources are distributed logarithmically in σadd1682

space, and to roughly cover the same number of sources on either side of the boundary.1683

After computing the complexity metrics using the procedure described above, we investigated the correlation between1684

the SNR and the complexity metric as shown in Figure C1, as a correlation between the two has been observed in1685

previous works (e.g., Thomson et al. 2023; Vanderwoude et al. 2024). Both m2 and σadd generally agree well with1686

regards to the complexity of sources. Most of the sources are observed in the lower left corner of the plot, indicating1687

that most sources in our sample are Faraday simple. Additionally, we also observe a clear increase in the SNR as the1688

complexity of sources increases.1689

Figure C1. A comparison between the m2 complexity metric, σadd, and log10(SNR). The horizontal axis is in a logarithmic
scale, while the vertical axis is in a linear scale. The shaded regions portray the buffer regions for each of the complexity metrics.

1690

1691

We used two complexity metrics, rather than one, because there might be sources that are classified as complex by1692

one and not the other (such as the source on the top left quadrant of Figure C1). We avoid solely using QU -fitting1693

for all sources for this same reason (as QU -fitting is used to derive the σadd complexity metric). Additionally, the1694

requirement that the best-fit model has a reduced chi-squared within 0.5 of 1 is necessary because the source might1695

be classified as simple based on the Bayes factors, but the QU spectra might deviate far from the simple model (given1696

by Equation 5).1697
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D. CATALOG OF SOURCES1698

The first thirty rows and the fifteen most important columns to our analysis in this work have been included in Table1699

D1. In addition to the columns provided here, standard RMTable2023 (Van Eck et al. 2023) columns are included1700

in the catalog published on CDS. In addition to this, the Stokes spectra for each source are published on the CDS,1701

following the PolSpectra2023 format.1702

Column descriptions for columns that are not standard in the RMTable2023 format are included below:1703

• rrm: The residual rotation measure of the source using ERGS.1704

• rrm err: The error in the residual rotation measure of the source.1705

• sigma add: The σadd complexity metric for the source.1706

• m2: The m2 complexity metric for the source.1707

• qu model: The best-fit QU-model obtained. This is a string that gives the equation number for the model. If1708

no best-fit model is found (i.e. the reduced chi-squared of none of the models is within 0.5 of 1), this value is set1709

to ‘None’.1710

• z: The best redshift obtained for the source. If there is no redshift obtained, this is set to −1.1711

• z err: The error in the redshift for the source. If no error in the redshift was obtained, this is set to −1.1712

• z source: The type of the redshift obtained; either spectroscopic or photometric.1713

• z spec ref: If the best redshift is spectroscopic, this provides the bibcode of the reference for the spectroscopic1714

redshift.1715

• in clust: This is a flag for if the source is within A3581, as determined using a fixed velocity gap of 1000 km s−1;1716

if the source is in the cluster, this is is set to ‘Y’, else it is set to ‘N’.1717
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Högbom, J. A. 1974, A&AS, 15, 4171809

Hopkins, A. M., Kapinska, A., Marvil, J., et al. 2025, arXiv1810

e-prints, arXiv:2505.08271.1811

https://arxiv.org/abs/2505.082711812

Hotan, A. W., Bunton, J. D., Chippendale, A. P., et al.1813

2021, PASA, 38, e009, doi: 10.1017/pasa.2021.11814

Hutschenreuter, S., Anderson, C. S., Betti, S., et al. 2022,1815

A&A, 657, A43, doi: 10.1051/0004-6361/2021404861816

Johnson, A. R., Rudnick, L., Jones, T. W., Mendygral,1817

P. J., & Dolag, K. 2020, ApJ, 888, 101,1818

doi: 10.3847/1538-4357/ab5d301819

http://doi.org/10.1017/pasa.2021.4
http://doi.org/10.1093/mnras/stae1954
http://doi.org/10.1051/0004-6361/200913416
http://doi.org/10.1093/mnras/sty2078
http://doi.org/10.1051/0004-6361/201628873
http://doi.org/10.1051/0004-6361/200913696
http://doi.org/10.1051/0004-6361/201016298
http://doi.org/10.1051/0004-6361:20052990
http://doi.org/10.1007/978-3-662-44625-6_20
http://doi.org/10.1051/0004-6361/202348264
http://doi.org/10.1093/mnras/133.1.67
http://doi.org/10.1093/mnras/stt1345
http://doi.org/10.48550/arXiv.1612.05560
http://doi.org/10.1111/j.1365-2966.2011.20372.x
http://doi.org/10.5303/JKAS.2004.37.5.337
http://doi.org/10.1086/318896
http://doi.org/10.1086/300337
http://doi.org/10.1093/mnras/stx3125
http://doi.org/10.1051/0004-6361/202450892
http://doi.org/10.1051/0004-6361/201425267
http://doi.org/10.1111/j.1365-2966.2005.09630.x
http://doi.org/10.1007/s11214-018-0556-8
http://doi.org/10.48550/arXiv.astro-ph/9504058
http://doi.org/10.1093/mnras/stab1641
http://doi.org/10.21105/astro.2308.01505
http://doi.org/10.1093/pasj/56.6.965
https://arxiv.org/abs/2505.08272
http://doi.org/10.1051/0004-6361/202039781
http://doi.org/10.1051/0004-6361/201424043
http://doi.org/10.1142/S0218271804005080
http://doi.org/10.1051/0004-6361:200400113
http://doi.org/10.1051/0004-6361:20065964
http://doi.org/10.1051/0004-6361/201630349
http://doi.org/10.1051/0004-6361:20078576
http://doi.org/10.1051/0004-6361/200912240
http://doi.org/10.3390/galaxies8030053
https://arxiv.org/abs/2505.08271
http://doi.org/10.1017/pasa.2021.1
http://doi.org/10.1051/0004-6361/202140486
http://doi.org/10.3847/1538-4357/ab5d30


34

Johnstone, R. M., Fabian, A. C., Morris, R. G., & Taylor,1820

G. B. 2005, MNRAS, 356, 237,1821

doi: 10.1111/j.1365-2966.2004.08445.x1822

Jonas, J. L. 2009, IEEE Proceedings, 97, 1522,1823

doi: 10.1109/JPROC.2009.20207131824

Kass, R. E., & Raftery, A. E. 1995, J. Am. Statist. Assoc.,1825

90, 773, doi: 10.1080/01621459.1995.104765721826

Katgert, P., Mazure, A., Perea, J., et al. 1996, A&A, 310, 8,1827

doi: 10.48550/arXiv.astro-ph/95110511828

Kawahara, H., Suto, Y., Kitayama, T., et al. 2007, ApJ,1829

659, 257, doi: 10.1086/5122311830

Khadir, A., Pandhi, A., Hutschenreuter, S., et al. 2024,1831

ApJ, 977, 276, doi: 10.3847/1538-4357/ad8ddf1832

Kim, K. T., Kronberg, P. P., Dewdney, P. E., & Landecker,1833

T. L. 1990, ApJ, 355, 29, doi: 10.1086/1687371834

Kuchner, U., Haggar, R., Aragón-Salamanca, A., et al.1835

2022, MNRAS, 510, 581, doi: 10.1093/mnras/stab34191836

Laing, R. A., Bridle, A. H., Parma, P., & Murgia, M. 2008,1837

MNRAS, 391, 521, doi: 10.1111/j.1365-2966.2008.13895.x1838

Lavaux, G., & Hudson, M. J. 2011, MNRAS, 416, 2840,1839

doi: 10.1111/j.1365-2966.2011.19233.x1840

Lee, K. Y., & Bretschneider, T. R. 2012, Asian Journal of1841

Geoinformatics, 121842

Lee, W., Pillepich, A., ZuHone, J., et al. 2024, A&A, 686,1843

A55, doi: 10.1051/0004-6361/2023481941844

Lehle, K., Nelson, D., & Pillepich, A. 2025, arXiv e-prints,1845

arXiv:2503.01969, doi: 10.48550/arXiv.2503.019691846

Lehle, K., Nelson, D., Pillepich, A., Truong, N., & Rohr, E.1847

2024, A&A, 687, A129,1848

doi: 10.1051/0004-6361/2023486091849

Loi, F., Serra, P., Murgia, M., et al. 2025, arXiv e-prints,1850

arXiv:2501.05519, doi: 10.48550/arXiv.2501.055191851

Ma, Y. K., Mao, S. A., Stil, J., et al. 2019, MNRAS, 487,1852

3432, doi: 10.1093/mnras/stz13251853

Macquart, J. P., Prochaska, J. X., McQuinn, M., et al.1854

2020, Nature, 581, 391, doi: 10.1038/s41586-020-2300-21855

Marin-Gilabert, T., Steinwandel, U. P., Valentini, M.,1856
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