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ABSTRACT25

The recent availability of high-resolution far-infrared (FIR) polarization observations of galaxies using26

HAWC+/SOFIA has facilitated studies of extragalactic magnetic fields in the cold and dense molecular disks.27

We investigate if any significant structural differences are detectable in the kpc-scale magnetic field of the grand28

design face-on spiral galaxy M51 when traced within the diffuse (radio) and the dense and cold (FIR) interstel-29

lar medium (ISM). Our analysis reveals a complex scenario where radio and FIR polarization observations do30

not necessarily trace the same magnetic field structure. We find that the magnetic field in the arms is wrapped31

tighter at 154µm than at 3 and 6 cm; statistically significant lower values for the magnetic pitch angle are mea-32

sured at FIR in the outskirts (R ≥ 7 kpc) of the galaxy. This difference is not detected in the interarm region.33

We find strong correlations of the polarization fraction and total intensity at FIR and radio with the gas column34

density and 12CO(1–0) velocity dispersion. We conclude that the arms show a relative increase of small-scale35

turbulent B-fields at regions with increasing column density and dispersion velocities of the molecular gas. No36

correlations are found with H I neutral gas. The star formation rate shows a clear correlation with the radio37

polarized intensity, which is not found in FIR, pointing to a small-scale dynamo-driven B-field amplification38

scenario. This work shows that multi-wavelength polarization observations are key to disentangling the inter-39

locked relation between star formation, magnetic fields, and gas kinematics in the multi-phase ISM.40

Corresponding author: Borlaff, A. S.
a.s.borlaff@nasa.gov

∗ The SOFIA Legacy Group for Magnetic Fields in Galaxies software repos-
itory is available in https://github.com/galmagfields/hawc, and via the offi-
cial project website: http://galmagfields.com/

1. INTRODUCTION41

Pioneering optical polarimetric observations in galaxies42

detected the interstellar polarization due to aligned dust43

grains, which motivated the discussion of magnetic fields44

(B-fields) in galaxies (i.e. Elvius 1951; Aller 1958; Elvius45

& Hall 1964; Piddington 1964; Segalovitz et al. 1976; Scar-46

rott et al. 1987). The formation and sustainability of B-fields47

in the galactic disks, as well as their possible role in the evo-48
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Figure 1. Far-infrared (154µm from this work, left) and radio polarization (6 cm from Fletcher et al. 2011, right) magnetic field orientation in
the plane of the sky represented over the optical morphology of M51. RGB background: Hubble Space Telescope observations of M51 with the
F658N (Hα) and F814W (red), F555W (green), and F435W (blue) bands using the Advanced Camera for Surveys (ACS). Overlayed stripped
texture: The Line Integral Convolution (LIC, Cabral & Leedom 1993) technique was used to show the orientations of the B-field at FIR and
radio, where only polarization measurements with P/σP ≥ 3, a resample scale of 5, and a contrast of 2 was used.

lution of their hosts, are still outstanding questions of mod-49

ern astrophysics. Primordial magnetic fields are not strong50

enough (Rees 1987; Gnedin et al. 2000; Subramanian 2016)51

to explain the observations in spiral galaxies by simple grav-52

itational collapse (Beck et al. 1996). Extragalactic B-fields53

are thought to be generated by galactic dynamos, which rely54

on small-scale turbulent velocity fields and differential rota-55

tion of the galactic disk to amplify and order the B-fields (i.e.56

Beck et al. 1996; Gressel et al. 2008a,b; Gent et al. 2012;57

Bendre et al. 2015). Current dynamo theories can be divided58

into large-scale dynamos, which produce regular B-fields on59

scales larger than the flow scale; and into small-scale dy-60

namos, generated at scales smaller than the energy-carrying61

eddies (Rees 1987; Gnedin et al. 2000; Brandenburg & Sub-62

ramanian 2005; Gressel et al. 2008a,b; Subramanian 2016).63

The coherence length scale of supernova-driven turbulence is64

50–100 pc (i.e. Haverkorn et al. 2008). The most prominent65

theory for large-scale dynamos is given by the mean-field ap-66

proach, where the velocity and B-fields are decomposed into67

averaged components and fluctuating components, whose av-68

erage can either be an ensemble average or some kind of69

spatial average (Brandenburg et al. 2012). Recently, more70

attention has been given to small-scale dynamos as they are71

more generic in terms of flow requirements and exhibit much72

faster B-field growth. The amplification timescale of small-73

scale B-fields are of the order of the smallest turbulent eddy74

turnover time scale. This is important because the small-scale75

dynamos allow amplification of the B-fields even in galaxy76

clusters or elliptical galaxies (Brandenburg & Subramanian77

2005; Sur et al. 2021). The small-scale B-fields may also ex-78

plain strong B-fields in high redshift galaxies when the uni-79

verse was much younger and large-scale dynamo amplifica-80

tion times were not sufficient (Arshakian et al. 2009).81

The dynamical role of magnetic fields on galactic scales82

is strongly debated. Magnetic fields in galaxies are strong83

enough to turn a significant amount of kinetic energy into84

magnetic energy, driving gas mass inflows into the galac-85

tic core (Kim & Stone 2012). Magnetic fields have even86

been considered as a hidden contributor to flattening rota-87

tion curves (Battaner & Florido 2007; Ruiz-Granados et al.88

2010; Tsiklauri 2011; Ruiz-Granados et al. 2012; Jałocha89

et al. 2012a,b). However, various studies have posited that90

the local conditions of magnetic fields might be too turbulent91

to add a significant kinematic support to the gas disk or to cre-92
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ate a systematic stellar migration (Sánchez-Salcedo & Santil-93

lán 2013; Elstner et al. 2014). In spite of these arguments, re-94

cent magneto-hydrodynamic simulations of Milky Way mass95

objects with magnetic fields have shown that the resulting96

galaxies present more extended disks, showing more gas and97

more atomic hydrogen in their halos than those models with-98

out them (van de Voort et al. 2020). Tabatabaei et al. (2016)99

found a correlation between the large-scale magnetic field100

strength and the rotation speed of galaxies showing the ef-101

fect of the gas dynamics in ordering the magnetic fields in102

galaxies. Different authors consider that these B-fields are103

able to significantly influence disk galaxies, dominating the104

fragmentation pattern (Körtgen et al. 2019) and affecting the105

global rotation of the gas (Martin-Alvarez et al. 2020).106

Most of our knowledge about extra-galactic magnetism107

comes from radio polarimetric observations (i.e. Mathewson108

et al. 1972; Vollmer et al. 2013; Beck 2015a; Krause et al.109

2020) by means of synchrotron polarized emission from en-110

ergetic particles in the diffuse interstellar medium (ISM) and111

intergalactic medium (IGM). Using a sample of 13 galaxies112

from the CHANG-ES radio continuum survey, Krause et al.113

(2018) found that the 4–30 cm radio observations are sensi-114

tive to average scale heights of 1–2 kpc. Synchrotron emis-115

sion measures the total magnetic field strength and the mag-116

netic field component in the plane of the sky (POS), while117

the magnetic field component along the line-of-sight (LOS)118

is inferred using the effect of Faraday rotation. Synchrotron119

polarization provides a measurement of the degree of order of120

the B-field, where the ordered field can be a regular (dynamo-121

generated) and/or an anisotropic turbulent one. The frac-122

tional polarization can decrease due to beam depolarization,123

bandwidth depolarization, and/or wavelength-dependent de-124

polarization. Beam depolarization occurs due to tangled B-125

fields within the beam size of the observations. Bandwidth126

depolarization arises from the rotation of the plane of polar-127

ization at different frequencies within the frequency range128

of the observations. Wavelength-dependent depolarization129

is caused by Faraday rotation along the LOS or within the130

source. Major efforts have been performed to estimate the131

B-fields orientation of galaxies using optical (Elvius 1951;132

Elvius & Hall 1964; Scarrott et al. 1987; Fendt et al. 1998)133

and near-IR (NIR, Jones 1997, 2000; Pavel & Clemens 2012)134

polarization techniques via dichroic absorption. However,135

dust/electron scattering seems to be the dominant polariza-136

tion mechanism in some of these observations, where after137

careful subtraction, the B-field can be inferred (i.e. M 82,138

Jones 1997, 2000).139

Magnetic fields in galaxies have also been measured us-140

ing thermal emission from magnetically aligned dust grains141

at far-IR (FIR) (Lopez-Rodriguez et al. 2018, 2020, 2021;142

Lopez-Rodriguez 2021; Jones et al. 2019, 2020) and sub-mm143

(850 µm) wavelengths (i.e. Greaves et al. 2000; Matthews144

et al. 2009). These studies have shown that the FIR wave-145

length range (50–220 µm) can characterize the strength and146

structure of B-fields in galaxies. FIR polarimetric observa-147

tions of the edge-on galaxies Centaurus A (Lopez-Rodriguez148

2021), M 82 (Jones et al. 2019; Lopez-Rodriguez et al. 2021),149

NGC 253 (Jones et al. 2019), and NGC 891 (Jones et al.150

2020) show scale heights < 500 pc for the galactic disks. At151

these wavelengths, the spectral energy distribution of galax-152

ies is dominated by the thermal emission from interstellar153

dust at temperatures of 10 – 100 K, which traces deeper re-154

gions of the molecular disk than those from optical, NIR, and155

radio. Dust grains have their long axes aligned perpendicu-156

larly to the local B-field, as described by the radiative torque157

alignment theories (RATs, i.e. Hoang & Lazarian 2014; An-158

dersson et al. 2015). Thus, thermal polarized emission mea-159

sures the B-field orientation in the POS, after the polarization160

angles are rotated by 90◦. As in radio wavelengths, thermal161

polarization provides a measurement of the degree of order162

of B-fields. The thermal polarization fraction is affected by163

beam depolarization, turbulence at scales smaller than the ob-164

servational beam, and physical properties of the dust grains165

including temperature, column density, and alignment effi-166

ciency.167

The ISM of the spiral galaxies is highly heterogeneous.168

The cold and dense clouds and the diffuse ISM (Field et al.169

1969) dominate different regions of the galactic disk. Molec-170

ular gas is closer to the galactic plane, while the scale-height171

of the diffuse ISM can be one order of magnitude larger (Fer-172

rière 2001). Molecular gas also is more rotationally sup-173

ported than the diffuse ionized gas component, which has174

higher dispersion in velocity (Davis et al. 2013; Levy et al.175

2018). As most of the studies on kpc-scale magnetic fields in176

galactic disks are based on radio-polarimetric observations,177

our knowledge is mainly focused on the B-field tracing the178

diffuse ISM rather than of the cold dense molecular clouds179

and filaments. However, it is inside the molecular clouds180

where star formation takes place and where turbulence and181

magnetic fields can be dominant forces (Santos et al. 2016;182

Pillai 2017; Pillai et al. 2020). The geometry of the magnetic183

field in observations of Galactic polarized dust emission sug-184

gests that the magnetic field structure may influence the for-185

mation of molecular clouds. The magnetic field is aligned186

preferentially parallel to molecular cloud structures at low187

densities, and preferentially perpendicular at higher densities188

and back to parallel at even higher densities (Planck Collab-189

oration et al. 2016; Soler et al. 2017; Fissel et al. 2019).190

Using the High-resolution Airborne Wideband Camera-191

plus (HAWC+, Vaillancourt et al. 2007; Dowell et al. 2010;192

Harper et al. 2018) installed on the 2.7-m Stratospheric Ob-193

servatory for Infrared Astronomy (SOFIA) FIR polarization194

observations, Pillai et al. (2020) found evidence for a multi-195

phase processing scenario where gas filaments merge into a196

central region in the molecular clouds, reorienting the mag-197

netic field in dense gas flows compared to the orientation198

of the surrounding ISM. These transitions in the orientation199

of the magnetic fields may be related to small-scale gas ac-200

cretion kinematics and the subsequent magnetic field line201

dragging, as reported by magneto-hydrodynamic simulations202

(Gómez et al. 2018). The morphological and kinematic dif-203

ferences between the diffuse ISM and the molecular clouds204

elicit a basic yet unresolved question: How does the multi-205

phase ISM in galaxies affect the B-field? Motivated by the206
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potentially important role of magnetic fields in the dense207

ISM, we quantify the morphology and degree of order of the208

B-field in the multi-phase ISM traced by FIR and radio po-209

larimetric observations.210

Given that polarization studies are strongly limited by the211

signal-to-noise ratio (SNR), local bright galaxies are the most212

extensively studied objects. One of these objects is the grand213

design face-on spiral M51. Although there have been at-214

tempts to measure the B-field in M51 using optical (Scar-215

rott et al. 1987) and NIR (Pavel & Clemens 2012) wave-216

lengths, these observations have been found to be dominated217

by dust/electron scattering. The kpc-scale B-field of M51218

has been traced using radio polarimetric observations (Math-219

ewson et al. 1972; Beck et al. 1987; Neininger 1992; Horel-220

lou et al. 1992; Patrikeev et al. 2006; Fletcher et al. 2011;221

Kierdorf et al. 2020). These studies have shown an ordered222

kpc-scale B-field where turbulent B-fields dominate in the223

arms, while a regular B-field dominates in the inter-arm. In224

addition, Kierdorf et al. (2020) measured that the turbulent225

B-field strength and/or the thermal electron density decrease226

toward larger radii. In a recent study, Jones et al. (2020) pre-227

sented the inferred B-field orientation of M51 traced by 154228

µm thermal emission of magnetically aligned dust grains us-229

ing HAWC+/SOFIA. The authors show the general B-field230

structure of the disk and compared it with results from pre-231

vious radio-polarization observations at 6 cm (Fletcher et al.232

2011). The authors concluded that the magnetic fields traced233

in radio and FIR have a similar general structure showing no234

obvious differences on inspection by-eye.235

Detecting systematic differences in the magnetic field be-236

tween radio and FIR wavelengths requires precise and quan-237

titative statistics to be estimated using both data sets. Since238

the star formation rate (SFR) is not homogeneous across the239

galactic disks of spiral galaxies, variances between the po-240

larization maps at radio and FIR would be expected to like-241

wise have an inhomogeneous spatial distribution as the multi-242

phase ISM affect the galactic B-field. Thus, our investigation243

is particularly focused on the radial variation and differences244

between disk regions (arms vs. interarm). In the particu-245

lar case of M51, we also look for a possible variation of246

the magnetic field orientation between the northern region247

(closer to the interacting companion M51b) and the south-248

ern section. In this paper we revisit the magnetic field struc-249

ture of M51, using deeper observations than those presented250

by Jones et al. (2020), to investigate quantitatively how the251

properties of M51’s magnetic field structure correlate with252

wavelength, morphological region, and the ISM phase.253

The paper is organized as follows: We describe the dif-254

ferent data sets used to study the multi-phase ISM, the mor-255

phology of the galaxy for different tracers, and the magnetic256

structure of M51 in Sec. 2. We present the statistical meth-257

ods used to parameterize them in Sec. 3. Sec. 4 is dedicated to258

the analysis of the magnetic and morphological spiral struc-259

ture of M51. In Sec. 5 we analyze the properties of the ISM260

of M51 as a function of the column density, FIR and radio261

polarization, and gas kinematics for multiple phases of the262

galactic gaseous disk. Finally, Sec. 6 and 7 contain the dis-263

cussion and conclusions respectively. In this paper, we as-264

sume a distance to M51 of 8.58 ± 0.28 Mpc (1′′∼ 41.6 pc),265

based on the results from McQuinn et al. (2017) from the266

analysis of the tip of the red giant branch.267

2. ARCHIVAL DATA268

2.1. Far-infrared polarimetry269

Publicly available SOFIA/HAWC+ observations of M51270

obtained under proposals with IDs 70_0509 (Guaranteed271

Time Observations by the HAWC+ Team), 76_0003 (Discre-272

tionary Director Time), and 08_0260 (PI: Dowell, D.) from273

2017 to 2020 (see Fig. 1) were used. Table 1 summarizes the274

observations combined in this work. Polarimetric observa-275

tions with HAWC+ simultaneously measure two orthogonal276

components of linear polarization in two arrays of 32 × 40277

pixels each. Observations were performed using Band D with278

a characteristic central wavelength of 154 µm, bandwidth of279

34 µm, pixel scale of 6.′′90, and beam size (FWHM) of 13.′′6280

(Harper et al. 2018). For M51, FWHMHAWC+ = 0.565 kpc.281

Observations were performed in a four-position dither square282

pattern with a distance of several detector pixels in the equa-283

torial sky coordinates system (ERF) as shown in Table 1 (col-284

umn 8). The ERF for these observations was used, so a pos-285

itive increase of angles is in the counterclockwise direction.286

In each dither position, four half-wave plate (HWP) position287

angles (PA) were taken in the standard sequence 5◦, 27.5◦,288

50◦, and 72.5◦. These dither sequences of four HWP PA will289

be referred to as sets hereafter. A chop-frequency of 10.2 Hz290

was used, with the chop-angle, chop-throw, and nod time as291

listed in Table 1. The chop-angle is defined as the angle in292

the east of north direction along which the telescope chops293

with a given chop-throw.294

The total observation time (on-source time + overheads) is295

7.21 h, of which 2.78 h is the time on-source. Low-quality ex-296

posures due to bad tracking, vignetting by the observatory’s297

door in flight F547, or other technical issues at the time of298

observations are listed within the parenthesis in the sets col-299

umn. The observations require time on the off-position due300

to the chop-nod technique as well as time to take internal301

calibrators right before and after each set of four HWP PA,302

which translates to an overhead of approximately×2.6. Note303

that the previously published results of M51 by Jones et al.304

(2020) used only a subset of the data presented here. Specif-305

ically, Jones et al. (2020) used observations from 70_0509306

and 76_0003, with a total time of 4.6 h, where our observa-307

tions encompass a total observing time of 7.21 h. We present308

here observations with larger integration time and better sen-309

sitivity, which allow us to perform a quantitative analysis of310

the inner and outer arms of M51. In addition, our data reduc-311

tion pipeline, supported by the SOFIA Science Center, is the312

most updated version (v2.3.2) in comparison with that used313

by Jones et al. (2020), v1.3.0beta3. The new pipeline version314

corrects for background subtraction and propagation of errors315

from the timestreams, so no inflated errors using a χ2 anal-316

ysis is required, and smoothing techniques have been imple-317

mented to account for correlated pixels. A direct comparison318

between both datasets is beyond the scope of this manuscript319
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and we refer the reader to the update of the pipeline by the320

SOFIA Science Center for further details.321

The observations were reduced using the322

HAWC_DRP_PIPELINE V2.3.2. The pipeline procedure de-323

scribed by Harper et al. (2018) was used to background-324

subtract and flux-calibrate the data and compute Stokes pa-325

rameters and their uncertainties. The final degree and PA of326

polarization are corrected for instrumental polarization, bias,327

and polarization efficiency. Typical standard deviations of328

the degree of polarization after subtraction of ∼ 0.8% are329

estimated. We generated final reduced images with a pixel330

scale equal to half beam size, which corresponds to 6.′′8. Fur-331

ther analysis and high-level displays were performed with332

custom PYTHON routines, described in Sec. 3.1. We discard333

all those measurements with a signal-to-noise ratio (SNR)334

lower than 2 in polarized intensity (plim = 0.05, probabil-335

ity higher than 95% of having signal higher than the noise336

level) in order to avoid regions dominated by noise. We also337

discard those pixels with a SNR in total intensity lower than338 √
2/plim ∼ 28.28. We refer the reader to Sec. 4 in Gordon339

et al. (2018) for more details on SOFIA/HAWC+ quality340

cuts. The inferred B-field orientation at 154 µm is shown as341

streamlines using the Line Integral Convolution (LIC, Cabral342

& Leedom 1993) technique in Fig. 1 (left panel), where only343

polarization measurements with P/σP ≥ 3 were used, with344

σP is the uncertainty in the polarization fraction. A resample345

scale of 5 and a contrast of 2 were used to compute the LIC346

image. The total intensity and polarization map is shown in347

Fig. 2. Inferred B-field orientations, and the SOFIA/HAWC+348

footprint at 154µm are shown in Figure 4. In all figures,349

the observed PAs of polarization have been rotated by 90◦.350

These observations are used to trace the magnetic fields in351

the cold and dense ISM regions of M51.352

2.2. Radio polarimetry353

We make use of the 3 cm and 6 cm radio polarimetric354

maps at a resolution of 8′′from Fletcher et al. (2011). These355

datasets were obtained using a combination of observations356

from the Karl G. Jansky Very Large Array (VLA) and the357

Effelsberg 100 m single-dish radio-telescopes. We refer to358

the original paper for a complete description of the observa-359

tions and data reductions of the datasets used in our work.360

Longer wavelength (18, 20 cm) observations from Fletcher361

et al. (2011) can be strongly affected by Faraday rotation362

(Beck & Wielebinski 2013), and are thus not considered in363

this work. For our analysis, Stokes IQU were convolved364

with a Gaussian kernel to match a FWHMHAWC+ = 13.′′6365

and reprojected to the HAWC+ observations. Then, the de-366

gree and PA of polarization and polarized flux were com-367

puted, accounting for the level of polarization bias as a func-368

tion of the SNR (Wardle & Kronberg 1974). We show the369

magnetic field streamlines of the 6 cm dataset in Fig. 1 (right370

panel), compared to those of the 154µm/HAWC+ observa-371

tions (left panel). A resample scale of 5 and a contrast of 2372

were used to compute the LIC image. Final inferred B-field373

orientations at 3 cm and 6 cm are shown in Fig. 3 middle and374

bottom panels respectively, where the observed PAs of polar-375

ization have the same length. To avoid biased results due to376

the number of measurements across the galaxy, we only use377

radio polarization measurements that are spatially coincident378

with the HAWC+ observations. The radio polarization maps379

are used to spatially correlate the polarization arising from380

synchrotron emission with that arising from thermal emis-381

sion by means of magnetically aligned dust grains observed382

with HAWC+, as detailed in Sec. 4.383

2.3. CO and H I observations384

12CO(1–0) observations were obtained from the Plateau de385

Bure interferometer (PdBI) and Arcsecond Whirpool Survey386

(PAWS∗), which uses the PdBI and IRAM-30 m data to im-387

age at high angular resolution the emission from the molecu-388

lar gas disk in M51. Data are described in Pety et al. (2013)389

and Colombo et al. (2014). Specifically, we used moments390

0 (integrated emission line) and 2 (intensity weighted dis-391

persion, velocity dispersion) of the 12CO(1–0) emission line392

at angular resolutions of 6′′. For our analysis, moments 0393

and 2 were convolved using a Gaussian kernel to match the394

HAWC+ beam size of 13.6′′and then reprojected to the grid395

of the HAWC+ observations. H I data were obtained from396

The H I Nearby Galaxy Survey (THINGS†) described in397

Walter et al. (2008). Moments 0 and 2 were used to trace the398

neutral gas in the disk of M51. For our analysis, these obser-399

vations were processed using the same method as 12CO(1–0)400

observations.401

Both 12CO(1–0) and H I datasets are used to trace the ve-402

locity dispersion as a proxy of the turbulence in the molec-403

ular and neutral gas. We note that the 12CO(1–0) integrated404

emission-line images of IRAM-30 m at a resolution of 23′′405

cover the full FOV of the HAWC+ observations. However,406

due to the low angular resolution of the IRAM-30 m obser-407

vations, any comparison between structures of the galaxy408

(arms, interarms) and polarization observations are not phys-409

ically meaningful as structures are hardly distinguished. In410

addition, we used THINGS H I 21 cm datasets to generate411

the morphological mask that separates the arm and interarm412

regions (see Sec. 3.3).413

2.4. Column density map414

Column density map, NHI+2H2
, was estimated using the415

integrated emission-line (moment 0) neutral, HI, and molecu-416

lar, 12CO(1–0), gas of M51. The IRAM-30 m 12CO(1–0) in-417

tegrated emission-line observations with a resolution of 23′′418

were used for this analysis. These observations cover the419

full FOV of the HAWC+ observations, while the 6′′ observa-420

tions used in Section 2.3 only cover the central ∼ 3′ of M51.421

Specifically, we used the following HI, and 12CO(1–0), con-422

versions to NHI, and N2H2
:423

∗ PAWS data at https://www2.mpia-hd.mpg.de/PAWS/PAWS/Home.html
† THINGS project: https://www2.mpia-hd.mpg.de/THINGS/Data.html

https://www2.mpia-hd.mpg.de/PAWS/PAWS/Home.html
https://www2.mpia-hd.mpg.de/THINGS/Data.html
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Table 1. Summary of HAWC+ polarimetric observations. Columns, from left to right: a) Observation plan identifier. b) Observation date.
c) Flight ID. d) Sea-level altitude during the observations (ft). e) Chop-angle (degrees) f) Chop-throw (arcsec). g) Time between nodding
iterations (s). h) Amplitude of the dithering pattern (arcsec). i) Number of observation sets obtained (and rejected). j) Total observation time
(on source + overheads) (s).

PlanID Date Flight ID Altitude Chop-Angle Chop-Throw Nod Time Dith. scale # Sets (bad) tobs_time

(YYYYMMDD) (ft) (◦) (′′) (s) ′′ (s)

(a) (b) (c) (d) (e) (f) (g) (h) (i) (j)

70_0509 20171109 F450 43000 105 400 40 20 6 1263

50 33 4 1003

35 33 3 573

20101115 F452 43000 105 400 40 33 7(2) 1495

35 8 1696

35 35 3 575

20171117 F454 43000 105 400 40 33 10 2122

76_0003 20190212 F545 42000 90 450 45 20 8 1852

20190220 F547 43000 90 450 50 20 8 2135

27 4(4) 1338

08_0260 20200118 F651 43000 105 450 50 20 17 4200

28 8 1993

20200125 F653 43000 105 450 50 20 8(1) 1993

28 15 3715

NHI = 1.105× 1021
IHI

FWHM2
HAWC+

(cm−2) (1)424

by Hunter et al. (2012), where IHI is the integrated emis-425

sion line (moment 0) of H I in units of Jy beam−1 m s−1,426

and FWHMHAWC+ is the beamsize of HAWC+ at 154 µm in427

units of arcsec.428

N2H2
= XCOICO (cm−2) (2)429

by Bolatto et al. (2013), where ICO is the integrated emission430

line (moment 0) of 12CO(1–0) in units of K km s−1, and431

XCO is the conversion factor of value 2× 1020 cm−2 (K km432

s−1)−1.433

Final column density is estimated such as NHI+2H2
=434

NHI + N2H2
. Column density values range from435

log10(NHI+2H2
[cm−2]) = [20.4−22.11], in agreement with436

Mentuch Cooper et al. (2012). The computed column density437

is used for the analysis of the multi-phase ISM as well as the438

estimation of the star formation rate.439

3. METHODS440

3.1. Magnetic and morphological pitch angle analysis441

In this section, we describe the methodology used to esti-442

mate the magnetic and morphological pitch angles of M51.443

The algorithm described here is used to analyze the FIR, ra-444

dio polarimetric observations, and the velocity fields that re-445

sult from the wavelet analysis of their total intensity maps446

(see Sec. 3.2).447

The magnetic pitch angle profile is estimated as follows:448

1. The debiased polarization level and its associated un-449

certainty are computed using the Stokes IQU parame-450

ters and their uncertainties δI, δQ, δU :451

Pdebias =
√
P 2 − δP 2 (3)452

where:453

P =

√(
Q

I

)2

+

(
U

I

)2

(4)454

and:455

δP =
1

I

√
(Q · δQ)2 + (U · δU)2

Q2 + U2
+ δI2

Q2 + U2

I2

(5)456

2. To reproject the observations, our method requires the457

coordinates of the galactic center (α, δ), the galac-458

tic disk inclination, i, and tilt angle, θ. Morpholog-459

ical parameters were adopted from Colombo et al.460
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Figure 2. Top to bottom: B-field orientation maps of M51 from
154 µm / HAWC+ (this work) polarimetric observations. The white
lines represent the B-field orientations, where the lengths have been
normalized to unity. Red lines are the average polarization orien-
tation estimated from the magnetic pitch angle profile. The back-
ground color map represents the total surface brightness intensity in
their respective wavelengths.

(2014) and have the following values: α = 202.4699◦,461

δ = +47.1952◦, i = 22± 5◦, θ = −7.0± 3.0◦, where462

α and δ are the equatorial coordinates of the center of463

M51, i is the apparent inclination of the disk with the464

line of sight (where face-on corresponds to i = 0◦),465

and θ is the apparent tilt angle of the major axis with466

positive values in the east of north direction (where467

north corresponds to θ = 0◦).468

3. We compute the radius (R) and azimuthal position (φ)469

of every pixel in galactocentric coordinates, where all470

pixels are assumed to be located in the galactic plane471

(z = 0). Radial and angular masks are generated with472

the same tilt angle and inclination as M51.473

4. An azimuthal angular mask is created. This is gener-474

ated such that the deprojected vector at each pixel lo-475

cation is perpendicular to the radial direction. We will476

refer to this idealized field as the zero pitch angle field477

or Ξ. The observed debiased polarization measure-478

ments (Pdebias) are deprojected to the galactic plane479

frame (P ′) using two chained rotation matrices, one to480

account for the inclination of the galaxy, Rx[i], and a481

second for the tilt angle, Rz[θ]. The projected matrix482

is estimated to be P ′ = Rx[i]Rz[θ]P .483

5. A method was devised to account for the 180◦ degen-484

eracy in the direction of HAWC+’s PAs. An effective485

averaging of the directions of several pixels requires486

resolution of the degeneracies. The Ξ zero pitch angle487

frame from the previous step is used to correct the PAs,488

setting them arbitrarily to a common outward-pointing489

direction. This is performed by measuring the rela-490

tive angle difference with Ξ, and adding or subtracting491

180◦ as required. Note that the result is independent492

of the reference angle of choice, and it is only used493

for averaging purposes. As a consequence of this cor-494

rection, the magnetic pitch angle profile also suffers a495

180◦ degeneracy.496

6. We project the measured B-field orientations to a new497

reference frame in which the galaxy is observed face-498

on. We used the morphological parameters of incli-499

nation and tilt angles (i, θ), and the measured PAs of500

the B-field orientation corrected for 180◦-degeneracy501

from the previous step.502

7. The pitch angle Ψ(x, y) is calculated as the difference503

between the measured PAs of the B-field orientation504

and the Ξ vector field.505

8. Ψ(x, y) is then averaged at each radius from the core.506

The radial bins are linearly spaced, and the number of507

them is optimized as a compromise between SNR and508

spatial resolution. The angular average is performed as509

follows:510

Ψ(R) = atan2

(
< cos Ψ(x, y) >

< sin Ψ(x, y) >

)
(6)511

where the<> operator indicates a robust median value512

(based on Monte Carlo simulations) and Ψ(R) is the513

averaged magnetic pitch angle value for a certain ra-514

dial bin. For each map, the process detailed below is515

repeated 10 000 times, using Monte Carlo simulations516

to include the uncertainties of the tilt angle, inclination,517

and the Stokes parameters. An independent Gaussian518

probability distribution for each parameter is assumed,519

with a standard deviation σ equal to their uncertain-520

ties. Each of these Monte Carlo simulations produces521

a magnetic pitch angle array. The results of the Monte522

Carlo simulations are stored in a data cube, which are523

later used to calculate the pitch angle profiles (Ψ(R)).524

Finally, for each radial bin, the median Ψ(ri) value525

and the 68% and 95% (equivalent to the 1σ, 2σ) un-526

certainty intervals are computed. For all the analyses,527

we will consider a critical level of at least p = 0.05528

(95%) to declare statistical significance.529
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Figure 3. B-field orientation maps of M51 from radio polarimetric observations at 3 cm (left) and 6 cm (right) (Fletcher et al. 2011). The white
lines represent the B-field orientations, where the lengths have been normalized to unity. Red lines are the average polarization orientation
estimated from the magnetic pitch angle profile. The background color map represents the total surface brightness intensity in their respective
wavelengths.

This method was implemented in Python and is available530

on the project website‡. In Appendix A we test this method531

over a set of 8 mock HAWC+ polarization observations using532

different tilt angles, inclinations, SNR, and magnetic pitch533

angles. Our method allows us to estimate the magnetic pitch534

angle profile without strong dominating systematic errors at535

an uncertainty level of p > 0.05. Using mock polarization536

observations with a P/σp ≥ 2, an accuracy ≤ 5◦ is expected537

in the Ψ(R).538

Our magnetic pitch angle estimation method entails pro-539

cessing the data on a pixel-by-pixel basis, allowing the user540

to separate different regions of the galaxy by using masks.541

Section 4 describes how this masking technique was lever-542

aged to produce measures of the magnetic pitch angle orien-543

tation for different regions in M51: a) Full-disk. b) Arm vs.544

Interarm. c) Arm 1 vs. Arm 2.545

3.2. Morphological wavelet analysis546

To compare the magnetic spiral structure with the mor-547

phology of the total intensity using several tracers, a measure548

of the pitch angle of the spiral arms is required. To identify549

the orientation of the spiral arms in the 154µm, 3 cm, and550

6 cm observations, we take advantage of the technique ap-551

plied in Patrikeev et al. (2006); Frick et al. (2016) – the two-552

dimensional anisotropic wavelet transform – for the identi-553

fication of elongated structures. Wavelet transforms allow554

recovery of the position angle of the maximum amplitude555

wavelet at each pixel where the signal is significant, returning556

‡ SOFIA Legacy Project for Magnetic Fields in Galaxies:
http://galmagfields.com/

a map of wavelet orientations representing the local pitch an-557

gle of the image. The wavelet scale used is 13.8′′, twice the558

size of the pixel scale. We refer to the original articles (Patri-559

keev et al. 2006; Frick et al. 2016) and the references therein560

for a complete explanation of the method and its mathemati-561

cal description.562

In Sec. 4.4 we present the wavelet transform maps for the563

154 µm FIR, 3 and 6 cm radio intensity images, 12CO(1–0),564

and 21 cm H I observations. The lines inside the spiral arms565

closely follow the local structure of the spiral arms for each566

tracer. Conveniently, the orientation of the wavelet transform567

can be decomposed into its corresponding Stokes Q and U ,568

allowing analysis of their structure using the same pitch angle569

method and software described in Sect. 3.1.570

3.3. Morphological masks571

The THINGS 21 cm observations of the H I gas disk572

(Sec. 2.3) and the morphological wavelet analysis from573

Sec 3.2 are used to separate the different morphological re-574

gions of M51 (spiral arms, interarms, and core). The re-575

sulting masks are shown in Fig. 4, and the polarization fields576

separated by the morphological masks for the different wave-577

lengths are shown in Fig. 5. We choose the H I gas to de-578

fine the arm-interarm mask based on two factors: 1) we have579

high-resolution, deep observations of M51, and more impor-580

tantly 2) it allow us to trace the spiral arms closer to the inner581

core of the galaxy, something that is not possible with lower582

resolution data such as those of our FIR observations.583

As a first step, the core region is defined by studying584

the surface brightness profile of the H I disk (see Fig. 6).585

The inner region of the profile (R < 100′′, < 4.16 kpc)586

shows a nearly constant surface brightness, with a notable587
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Figure 4. General description of the M51 regions for this analy-
sis. Background: RGB image based on SDSS gri imaging (Gunn
et al. 2006). In yellow: Footprint and B-field orientations with their
lengths normalized to unity from HAWC+ observations. Red and
blue shaded regions: Mask and arms definitions, see Sec. 3.3. Black
circle: Limiting radius of the M51 core region. See the legend for
labeling and physical scaling.

decrease of the 21 cm emission at R < 22′′ (< 0.9 kpc),588

corresponding to the core region. We fit the location of589

the break-in surface brightness profile using the software590

Elbow† (Borlaff et al. 2017), obtaining a break radius of591

Rbreak = 21.2+1.8
−1.6

′′, 0.88+0.08
−0.07 kpc), statistically significant592

at a level of p < 10−5. We define this region as the radial593

limit for the core region in the morphological mask.594

In a second step, the intensity image of the H I observa-595

tions is analyzed using the wavelet transformation method596

† Elbow: a statistically robust method to fit and classify the surface bright-
ness profiles. The code is publicly available at GitHub (https://github.com/
Borlaff/Elbow)

(see Sec. 3.2). The amplitude of the wavelet transformed im-597

age provides us with a probability map of the spatial distri-598

bution of elongated structures, like spiral arms. We define599

as statistically significant (and thus, part of a spiral arm) ev-600

ery pixel whose associated wavelet amplitude is higher than601

twice the standard deviation (2σ) of the background noise in602

the wavelet transformed image. By doing this, we only se-603

lect regions that have at least a ∼ 95% probability to be part604

of an elongated H I structure. Finally, we separate the two605

spiral arms using a visually defined polygon over the result-606

ing mask, taking into account the morphology of the galaxy607

in the FIR, 12CO(1–0), 3 and 6 cm, and H I datasets (see608

Fig. 4).609

4. MAGNETIC PITCH ANGLE RESULTS610

This section describes the results of the magnetic pitch611

angle profile for different wavelengths (154µm, 3 cm, and612

6 cm) and morphological regions (full disk, arms, and in-613

terarms). In order to avoid systematic effects in the re-614

sults caused by the different spatial resolutions from differ-615

ent datasets, we convolve and rebin the radio observations to616

the SOFIA/HAWC+ 154µm resolution (FWHMHAWC+ =617

13.6′′). In addition, we use the same location of the po-618

larization measurements in FIR and in radio observations,619

which allows us to study the same LOS at both wavelengths620

regimes. As the FIR observations have lower SNR than the621

radio observations, we select statistically significant polar-622

ization measurements, P/σP ≥ 2. The common resolution623

scale enables the comparison of maps at the same positions,624

a particularly critical requirement for the analysis of the arms625

and interarms regions (Secs. 4.2 and 4.3).626

4.1. Radial axisymmetric profile of the magnetic pitch627

angle: Full Disk628

The properties of the magnetic pitch angle across the M51629

galactic disk are first analyzed across the full disk mask, with630

no partition into arm and interarm regions (see Figs. 2 and 3).631

The top panel of Fig. 7 shows the radial profiles of the mag-632

netic pitch angles for the full disk after applying the method-633

ology presented in Section 3.1. For the radio polarization634

observations, we find that the magnetic pitch angle profile635

is mostly flat up to a radius of 220′′ (9.15 kpc). Similarly,636

for our FIR observations, the magnetic pitch angle is mostly637

flat up to a radius of 160′′ (6.66 kpc), for galactocentric radii638

larger than R > 160′′ (> 6.66 kpc) we find signs of a drop639

in the magnetic pitch angle profile. The central beam of the640

observations is shown as a black vertical dashed line in each641

figure. The pitch angle increases at the center due to reso-642

lution effects produced by the small number of polarization643

measurements available at the core.644

For the full disk (Figs. 2, 3 and 7), we estimate an av-645

erage magnetic pitch angle of Ψ
FD

FIR = +23.9+1.2◦
−1.2 for646

the 154µm/ HAWC+ dataset. For the 3 cm and 6 cm ob-647

servations we obtain Ψ
FD

3 cm = +26.0+0.9◦
−0.8 and Ψ

FD

6 cm =648

+28.0+0.8◦
−0.6 , which are compatible at some of the bins with649

the results from Fletcher et al. (2011, see their Table A1).650

https://github.com/Borlaff/Elbow
https://github.com/Borlaff/Elbow
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Figure 5. B-field orientation maps of M51 of 154µm / HAWC+(top row), radio polarimetric observations at 3 cm (middle row) and 6 cm
(bottom row) (Fletcher et al. 2011), for the interarm (left column), Arm 1 (middle column), and Arm 2 (right column) morphological regions
defined in Sec. 3.3 (see Fig. 4). The white lines represent the measured B-field orientations, for which the lengths have been normalized to
unity. Red lines show the average polarization orientation estimated from the magnetic pitch angle profile. Total intensity is displayed in the
background. See the colorbar in Figs. 2 and 3 for reference.

The 3 and 6 cm magnetic pitch angle profiles presented in651

this work are slightly higher on average than those presented652

in Fletcher et al. (2011) but compatible on the low end in653

some regions. Specifically, comparing Fig. 7 with line 3 of654

Table A1 in Fletcher et al. (2011), there is reasonable agree-655

ment within the error bars in the first three radial ranges.656

Only in the outer range (6.0–7.2 kpc), the absolute value657

of the pitch angle from Fletcher et al. decreases, while it658

increases in Fig. 7. Nevertheless, there is a substantial dif-659

ference between the two analyses that we must consider:660
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Figure 6. Surface brightness profile analysis of the H I (red crosses)
and FIR components (blue diamonds) of M51. The vertical black
solid line and the teal region represent the location of the H I sur-
face brightness break (Rbreak = 21.2+1.8

−1.6
′′, 0.88+0.08

−0.07 kpc), as es-
timated using Elbow (Borlaff et al. 2017).

First, their profiles combine polarization observations from661

3, 6, 18, 20 cm datasets, while we are analyzing the 3 and662

6 cm wavelengths independently. Second, their pitch angle663

(p0) represents the average pitch angle for the dominant of664

two different large-scale modes of the regular magnetic field,665

while our profiles represent a non-parametric measurement666

of the magnetic pitch angle, including variations on smaller667

scales. For these reasons, we should consider a direct com-668

parison between both profiles with care.669

4.2. Radial magnetic pitch angle profile - spiral arms670

Given the angular resolution of the FIR and radio observa-671

tions, the interarm and arms regions can be separated and an-672

alyzed independently. Using the mask described in Sec. 3.3,673

we generate three radial profiles of the magnetic pitch angle:674

Arm 1, Arm 2, and both spiral arms combined (‘Arms region’675

in Fig. 7). We adopt the same notation for the spiral arms of676

M51 as in Patrikeev et al. (2006, see their Fig. 3). From the677

outskirts of the galaxy, Arm 2 is the most northern arm close678

to M51b, while Arm 1 is the most southern arm (Fig. 4). We679

show the polarization measurements used for each region in680

Fig. 5. The results of the magnetic pitch angle profile for both681

arms combined are shown in the central panel of Fig. 7, la-682

beled as ‘Arms region’. Figure 8 shows the magnetic pitch683

angle profiles for Arm 1 and Arm 2 separately at 154µm,684

3 cm, and 6 cm.685

For the arms region, we estimate an average magnetic pitch686

angle of Ψ
Arms

FIR = +16.9+1.8◦
−1.7 for the 154µm observations,687

Ψ
Arms

3 cm = +23.1+1.1◦
−1.0 and Ψ

Arms

6 cm = +25.1+0.8◦
−0.8 for the 3 cm688

and 6 cm observations, respectively. The magnetic pitch an-689

gle profiles of the spiral arms reveal an interesting scenario.690

The radio polarization maps at 3 cm and 6 cm trace a rela-691

tively flat pitch angle up to a radius of 220′′ (9.15 kpc) –692

showing some steady increase with radius. The FIR magnetic693

pitch angle suffers a strong break at a radius ∼ 150′′ (∼ 6.24694

kpc) decreasing suddenly towards negative values. Statis-695

tical analysis of the probability distributions obtained with696

the Monte Carlo simulations of each bin beyond the ∼ 150′′697

break reveals that the difference is significant (p < 0.05) and698

consistent up to the limiting radius of observation on M51.699

The observed break in the magnetic pitch angle profile of700

the arms region has a significant impact on the average value.701

In Fig. 9 we compare the global differences in the magnetic702

pitch angle between FIR and radio wavelengths. We measure703

the difference in average magnetic pitch angle for each pair of704

datasets (154µm, 3 cm, and 6 cm) and arms regions of M51.705

The vertical histograms on Fig. 9 represent the probability706

distribution for the difference in the median pitch angle as707

a function of the wavelengths and regions compared. These708

probability distributions are generated based on the 10 000709

Monte Carlo simulations obtained for the magnetic pitch an-710

gle analysis. The distributions take into account the uncer-711

tainties in position angle, inclination, and the Stokes IQU712

from the different sets of polarization maps. Using these713

simulations, we are able to reconstruct the realistic proba-714

bility density distribution of the average difference between715

the magnetic pitch angle profiles. We find a statistically sig-716

nificant difference in the magnetic pitch angle between FIR717

and radio wavelengths in the arms. Averaged across the com-718

plete extension of both arms, the FIR magnetic pitch angle is719

−6.2+2.1◦
−2.0 and −8.3+2.0◦

−1.9 lower than that measured in 3 and720

6 cm, a result significant with p-values of 0.002 and < 10−4,721

respectively.722

We now analyze the two arms separately in Fig. 8. Results723

show that the two arms have different radial profiles of the724

magnetic pitch angles across the galactocentric radius. At725

small radii (R < 75′′, < 3.12 kpc), Arm 1 shows a lower726

magnetic pitch angle than Arm 2, Ψ
A1

< Ψ
A2

. The mag-727

netic pitch angle profile is inverted at R > 75′′ (> 3.12 kpc),728

where Ψ
A1

> Ψ
A2

. This inversion is observed at all wave-729

lengths up to R ∼ 160′′ (6.66 kpc). At R > 160′′ (> 6.66730

kpc), the magnetic pitch angle of both arms shows a sharp731

decrease towards zero and negative values in FIR, but not in732

the 3 and 6 cm radio polarization observations. For the 3 cm733

and 6 cm radial profiles, the magnetic pitch angle of Arm 1734

is mostly flat beyond R > 75′′ (> 3.12 kpc), while Arm735

2 presents an upturn at R > 150′′ (> 6.24 kpc). A high736

pitch angle dispersion region is found in Arm 1 at R ∼ 150′′737

(∼ 6.24 kpc) on the 154µm /HAWC+ magnetic pitch angle738

profile.739
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Figure 7. Magnetic pitch angle profiles for the FIR 154µm HAWC+ observations (this work) and the 3 cm and 6 cm radio polarimetric
observations (Fletcher et al. 2011) of M51. On the vertical axis, we represent the average magnetic pitch angle profile Ψ(R) per radial bin, as
a function of radius. Top panel: Profile for the full disk region, assuming axisymmetry and homogeneity. Central panel: Arms region profile.
Bottom panel: Interarm region profile. See the legend for the color and linetype. The central beam of the observations is shown as a black
vertical dashed line in each figure.

We further explore the pitch angle difference for FIR and740

radio polarization observations in the northern section of741

Arm 2, one of the closest – but not physically connected –742

spiral arm regions to M51b. We study the distribution of743

magnetic pitch angles in a rectangular aperture of 3.45×2.07744

arcmin2. (8.6 × 5.2 kpc2) centered at α = 202.47◦, δ =745

47.23◦. Fig. 10 shows the B-field orientations for the 154746

µm, 3 cm, and 6 cm observations. Visual inspection of the747

three B-fields shows that on average the magnetic field at 154748

µm shows a different orientation with a smaller pitch angle749

than those from radio polarimetric observations. In the left750

panel, we show the probability distributions for the average751

value of the pitch angle in that aperture. The results show a752

systematic difference (p < 10−4) between the FIR and the753

two radio observations. The magnetic pitch angles of the754

3 cm and 6 cm are compatible with each other. The average755

magnetic pitch angles in this region are ΨFIR = −8.5+2.8◦
−2.7 ,756

Ψ3 cm = +7.8+1.8◦
−1.8 , and Ψ6 cm = +7.2+1.4◦

−1.3 .757

We repeat the analysis on an equivalent aperture located in758

the southern region of Arm 1, symmetrically separated from759

the core (α = 202.46◦, δ = 47.16◦, also with an area of760

8.6 × 5.2 kpc2). The results show that the average magnetic761

pitch angle in this region is ΨFIR = +5.8+5.2◦
−5.3 , which is sig-762

nificantly (p < 10−4) lower than those measured in 3 cm763
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Figure 8. Magnetic pitch angle profiles for the spiral Arm 1 (blue) and Arm 2 (red) of M51 as a function of wavelength. In each panel we
present the average magnetic pitch angle profile Ψ(R) per radial bin, as a function of radius. Top panel: Profile for the 154µm/HAWC+
observations. Central panel: Magnetic pitch angle profile for 3 cm. Bottom panel: Magnetic pitch angle profile for 6 cm. See the legend for the
color and linetype.

(Ψ3 cm = +29.1+2.8◦
−2.6 ) and 6 cm (Ψ6 cm = +28.3+1.2◦

−1.5 ).764

These results – including the magnetic pitch angle profiles –765

confirm that the magnetic field in the outskirts of M51 traced766

by radio and FIR polarization observations are different.767

Our results show that the structure of the magnetic field is768

not isotropic or homogeneous across the galactic disk. In-769

terestingly, the independent trends of the two spiral arms in770

the inner region of the disk (R < 150′′, < 6.24 kpc) are771

detected in the three wavelengths independently, ensuring772

that the quality of the observations and the analysis is high773

enough to confirm that the radial changes in magnetic pitch774

angle are not caused by statistical uncertainty. In addition,775

we found that this feature is systematically present in both776

spiral arms at FIR wavelengths, confirming that the change777

in magnetic pitch angle are a detectable feature of the mag-778

netic spiral structure of M51.779

4.3. Radial magnetic pitch angle profile - interarms780

We analyze the interarm region in Fig. 7, whose polariza-781

tion measurements and models are shown in Fig. 5. At782

all wavelengths, the interarm magnetic pitch angle shows783

a fairly constant structure up to 220′′ (9.15 kpc). We784

estimate the average magnetic pitch angles to be Ψ
IA

FIR=785

+28.6+1.3◦
−1.3 , Ψ

IA

3 cm= +29.1+1.0◦
−1.0 and Ψ

IA

6 cm= +30.6+1.0◦
−0.8786

for the 154µm, 3 cm and 6 cm observations, respectively.787

The magnetic pitch profiles and their average values show788
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ARMS ARMS ARMS

INTERARM INTERARM INTERARM

Figure 9. Probability density distributions of difference in median magnetic pitch angle (< ∆Ψ >, vertical histograms). Columns from left to
right: a) 154µm vs. 3 cm. b) 3 cm vs. 6 cm. c) 154µm vs. 6 cm. Rows from top to bottom: a) Arms region (Arm 1 + Arm 2). b) Interarm
region. The horizontal black dashed line represents the zero level (no difference). The p-value on each panel represents the probability that the
distribution is compatible with zero (no difference).

that the interarm magnetic field structure of M51 is the same789

at FIR and radio wavelengths. However, we find that the in-790

terarm magnetic pitch angles are higher than the correspond-791

ing values for the arm regions (Sec. 4.2). This is significant792

at a p-value < 10−4 for 154µm, 3 cm, and 6 cm.793

The most striking result from the comparison of the in-794

terarm magnetic pitch angle profiles is that the 154µm ob-795

servations do not show signs of the same distortions or ra-796

dial variations as those detected in the spiral arms (Sec. 4.2797

and Fig. 5). The interarm radial profile appears to be rela-798

tively smooth and constant across the galaxy disk up to the799

observed outer radius of 220′′ (9.15 kpc). In Fig. 9 (bottom800

row) we compare the global differences in the magnetic pitch801

angle between FIR and radio wavelengths, this time for the802

interarm region. We do not find any significant difference be-803

tween the average magnetic pitch angle value of the FIR and804

radio-polarization dataset in the interarm region, confirming805

the results from the previous profiles.806

A summary of the average magnetic pitch angles within the807

radial range of 21.2′′–220′′(0.88–9.15 kpc) is shown in Table808

2. Based on the results from previous sections, we conclude809

that:810

1. The outer (R > 6.24 kpc) magnetic spiral structure of811

the spiral arms in M51 is wrapped tighter when mea-812

sured in FIR than in radio-wavelengths.813

Table 2. Magnetic field pitch angles in the radial range of
21.2–220′′ (0.88–9.15 kpc) from Fig. 7.

Wavelength Full disk Arms region Interarms region

(ΨFD,◦) (ΨArms,◦) (ΨIA,◦)

154 µm 23.9+1.2
−1.2 16.9+1.8

−1.7 28.6+1.3
−1.3

3 cm 26.0+0.9
−0.8 23.1+1.1

−1.0 29.1+1.0
−1.0

6 cm 28.0+0.8
−0.6 25.1+0.8

−0.8 30.6+1.0
−0.8

2. The FIR interarm magnetic pitch angle structure is814

similar to that traced with the radio polarization ob-815

servations in the diffuse ISM.816

These results suggest that the outer field decoupling of the817

FIR and radio magnetic fields is only associated with the818

spiral arms. This result is further confirmed with the obser-819

vations of the magnetic pitch angle profiles and the custom820

apertures studied in Sec. 4.2. We note that this difference821

is significant despite the fact that the radial binning and the822

combination in azimuthal coordinates may be smoothing the823

differences found in the histograms from this section. We824

discuss the implications of these results in Sec. 6.825
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Figure 10. Analysis of the magnetic pitch angle difference in the northern (top row) and southern (bottom row) region of the M51 spiral arms.
Left panel: Probability distribution of the median magnetic pitch angle for the 154µm, 3 cm, and 6 cm observations. Right panel: B-field
orientations for 154µm, 3 cm, and 6 cm. The grey-scaled background image shows the FIR total intensity from Fig. 2. For better visualization,
only one in every two polarization measurements is represented. See the color legend in the left panel for reference.

4.4. Comparison with the morphological pitch angle of the826

spiral arms827

Figs. 11 and 12 show the morphological pitch angle maps828

of the 154µm, 3 cm, 6 cm, 12CO(1–0), and 21 cm H I ob-829

servations. These maps have been constructed from the total830

intensity images and the wavelet transform method described831

in Secs. 3.1–3.2. To avoid selection effects due to the differ-832

ent resolution of the images, we convolved every dataset to833

the 154µm HAWC+ beam size, as we did in the previous sec-834

tion for the VLA/Effelsberg 100 m observations. In Fig. 13835

we present the morphological pitch angle profiles of the spi-836

ral arms for the five different datasets considered, plus the837

comparison of the magnetic and morphological pitch angle838

for 154µm, 3 cm, and 6 cm.839

The morphological pitch angles of 154µm, 3 cm, and 6 cm840

have a similar radial profile, i.e. Ψ
Morph

FIR ∼ Ψ
Morph

3 cm ∼841

Ψ
Morph

6 cm . At low radii (< 120′′, < 5.0 kpc), the morpho-842

logical pitch angle is relatively high, starting at ∼ 60–70◦.843

At higher radii (> 120′′, > 5.0 kpc), the morphological844

pitch angle decreases to 0–10◦ with a relatively slow increase845

showing some scatter in the outskirts (> 200′′, 8.32 kpc),846

especially for 154µm. We also compare the distribution of847

the morphological pitch angle with the magnetic pitch an-848

gle profiles obtained in Secs. 4.1–4.3 (see lower panels of849

Fig. 13). The analysis shows that for the three bands ana-850

lyzed, the magnetic pitch angle is lower than the morpholog-851

ical equivalent up to a radius of ∼ 100′′ (∼ 4.16 kpc). At852

larger radii (> 100′′, > 4.16 kpc), the magnetic pitch an-853

gle is larger than the morphological pitch angle. The excep-854

tion is in the outermost region (> 175′′, > 7.28 kpc) of the855

154µm/HAWC+ data, due to the magnetic pitch angle break856

reported in Sec. 4.2.857

For 12CO(1–0), we find a relatively constant, albeit with858

large scatter, pitch angle profile of Ψ
Morph

CO ∼ 40–60◦ up to859

the limit of the PAWS observations (R = 120′′, ∼ 5 kpc),860

with an average of Ψ
Morph

CO = 30.7+0.5◦
−0.4 . For the 21 cm861

H I observations, we find a relatively constant morphological862

pitch angle of Ψ
Morph

21 cm = 9.9+0.3◦
−0.5 across the whole observ-863

able disk. We find that the morphological pitch angle of H I864

is smaller than at FIR, radio, and 12CO(1–0) within the cen-865

tral 120′′ (5 kpc). But it is approximately similar to that of866

the outer region (R > 120′′, > 5 kpc) when compared with867
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Figure 11. Top to bottom: Surface brightness distributions for 1)
HAWC+154 µm, 2) VLA/Effelsberg 3 cm and, 3) VLA/Effelsberg
6 cm with the morphological wavelet line plotted in red. In white,
we show the azimuthally averaged morphological pitch angle direc-
tions. Red circle: Resolution element (beam size) of the analyzed
maps.

Figure 12. Top to bottom: Surface brightness distributions for
1) 12CO(1–0) PAWS and 2) THINGS H I observations with the
morphological wavelet line overplotted (red). In white, we show the
averaged morphological pitch angles profile. Red circle: Resolution
element (beam size) of the analyzed maps.

the 154µm (Ψ
Morph

FIR = 8.4+0.5◦
−0.5 ), 3 cm (Ψ

Morph

3 cm = 10.6+0.7◦
−0.9 )868

and 6 cm (Ψ
Morph

6 cm = 13.0+0.7◦
−0.6 ). For reference, the aver-869

age magnetic pitch angles in the outer region of the spiral870

arms are: Ψ
Arms

FIR = 15.2+4.0◦
−4.2 , Ψ

Arms

3 cm = 25.9+1.5◦
−1.5 , and871

Ψ
Arms

6 cm = 27.5+1.1◦
−1.1 .872

We find that the magnetic field pitch angles are higher than873

the morphological pitch angles of the H I in the outskirts of874

the spiral arms of M51. The p-value for this difference in875

average values is lower than 10−4 for the 3 and 6 cm obser-876

vations (highly significant) and p = 0.044 for the 154µm877

observations. The higher values for the outermost bins of878

the FIR morphological pitch angle profile are possibly an879

artifact caused by the boundaries of the HAWC+ footprint880

with the wavelet algorithm, thus we consider them negligi-881

ble. In addition, the lower significance at 154µm is caused882

by its observed magnetic pitch angle break in the outskirts,883

which combined with the outer distortions on the morpholog-884
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Figure 13. Morphological pitch angle profiles (pitch angle Ψ(R) as a function of the galactocentric radius, R). Top to bottom: 1) 154µm,
3 cm and, 6 cm. 2) 12CO(1–0) and 21 cm. 3) 154µm morphological vs. magnetic profile. 4) 3 cm morphological vs. magnetic. 5) 6 cm
morphological vs. magnetic. The profiles are calculated on the arms region of M51. See the legend for the color and linetype.
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ical profile, reduce the difference between the morphological885

and magnetic values.886

Close inspection of the total intensity distribution on887

Figs. 11 and 12 reveal that 154µm, 3 cm, 6 cm, and 12CO(1–888

0) datasets show bright emission in the core of M51. Con-889

trarily, 21 cm H I observations show no detectable emission890

at small radii, as previously mentioned in Sec. 3.3. These891

different distributions can be responsible for the difference892

in the morphological pitch angle distributions at inner radii893

(< 120′′, < 5 kpc). The main reason is that the direction of894

the wavelet field is affected by the presence of a large, bright,895

radial central gradient from the core. Nevertheless, the fact896

that 1) we observe this relatively higher pitch angle value up897

to R ∼ 100′′ (4.16 kpc) far away from the main compo-898

nent of the total intensity of the core and, 2) the 12CO(1–0)899

dataset also shows higher morphological pitch angle than the900

H I observations, suggests that the morphological differences901

of the pitch angle for the spiral arms is not caused entirely by902

systematic effects from the central zone.903

In summary, we find that for the spiral arms:904

1. The morphological pitch angles change as a function905

of the multi-phase ISM, such as Ψ
Morph

HI < Ψ
Morph

CO <906

Ψ
Morph

FIR ∼ Ψ
Morph

3 cm ∼ Ψ
Morph

6 cm .907

2. The morphological pitch angles at FIR and radio wave-908

lengths are similar across the full disk of M51.909

3. At FIR and radio and within the inner 100′′ (4.16 kpc),910

the magnetic pitch angles are wrapped tighter than the911

morphological pitch angles.912

4. At FIR and radio and at radius > 100′′ (> 4.16 kpc),913

the magnetic pitch angles of the spiral arms are larger914

than those from the morphological structure. The ex-915

ception is the FIR, whose magnetic pitch angle be-916

comes tighter than the morphological pitch angle at ra-917

dius > 200′′ (> 8.32 kpc).918

5. MAGNETIC FIELDS IN THE MULTI-PHASE ISM919

5.1. The multi-phase ISM920

To analyze how the different physical regimes of the multi-921

phase ISM affect the B-fields in M51, we use the velocity922

dispersion of the neutral and molecular gas as a proxy for923

the kinetic energy of the turbulence in the ISM. We also use924

the column density of the galactic disk to study the effect of925

extinction as a function of the FIR and radio polarization.926

In Fig. 14 we analyze the variation of the total intensity927

(I), polarized intensity (PI), and polarization fraction (P) at928

154µm and radio wavelengths as functions of the column929

density (NHI+2H2 ). All ρ correlation coefficients in the fig-930

ures are based on the Spearman non-parametric test. The931

distributions of the interarm, Arm 1, and Arm 2 regions is932

shown in the diagrams. We selected FIR polarization mea-933

surements with PI/σPI ≥ 3, σP ≤ 15%, P ≤ 30%. For934

the selected measurements, the minimum SNR in polar-935

ization fraction equals 3. Note that we selected the cut in936

polarized flux such that it reduced any effects due to the posi-937

tive bias of the polarization fraction. Medians of the physical938

parameters of Arm 1, Arm 2, and interarm zones studied in939

this section are shown in Table 3. For simplicity, we only940

show here the diagrams in 3 cm, but the same results are ob-941

tained in 6 cm datasets (see Table 3, and the 6 cm radio po-942

larization diagrams in Appendix C).943

At 154 µm, we find a strong positive linear corre-944

lation between the total intensity and the column den-945

sity NHI+2H2
. Polarization fraction decreases with in-946

creasing column density, while the polarized intensity re-947

mains fairly constant across the full range of column den-948

sities, i.e. log10(NHI+2H2
[cm−2]) = [21.0–22.1]. The949

FIR polarization fraction is found to change in slope at950

log10(NHI+2H2
[cm−2]) = 21.49+0.03

−0.02 (we follow the same951

method used in Sec. 3.3 to measure the H I break). Using the952

relation between the optical extinction, AV , and hydrogen953

column density,NH, relationNH/AV = (2.21±0.09)×1021954

cm−2 mag−1 (Güver & Özel 2009), the change in slope cor-955

responds to an extinction of AV = 1.40+0.18
−0.12 mag.956

At radio wavelengths, the total intensity increases with957

the column density, with a slope of the log10(I) vs.958

log10(NHI+2H2 [cm−2]) relation of 1.16 ± 0.03. Radio po-959

larization fraction is fairly constant within the full range of960

column densities, while the polarized intensity increases with961

increasing column density (ρ > 0.5, p < 0.05 in all compo-962

nents). For both FIR and radio, we find no strong, systematic963

differences in the trends and distribution of the Arm 1, Arm964

2, and the interarm zone in any case (see ρ correlation coef-965

ficients in the panels of Fig. 14).966

In Fig. 15 we show the analysis as a function of the967

12CO(1–0) velocity dispersion (σv,12CO(1−0)). In the FIR,968

the total intensity increases with increasing the velocity dis-969

persion of the molecular gas, the polarization fraction de-970

creases with increasing the velocity dispersion of the molec-971

ular gas (p < 0.05 in all components), while the polarized972

intensity remains fairly constant (ρ < 0.3, not significant973

in Arm 2). The interarm region has lower dispersion veloc-974

ity (p = 4.8 · 10−22, using the non-parametric two-sample975

comparison Anderson-Darling test, Scholz & Stephens 1987)976

than Arm 1 and Arm 2, dominating at σv,12CO(1−0) ∼ 3–5977

km s−1. Arm 2 present a more extended σv,12CO(1−0) distri-978

bution than Arm 1, reaching values as high as 10 km s−1.979

Both arms present a 1.0% probability of having the same980

12CO(1–0) velocity dispersion. At radio wavelengths, the981

total intensity increases with increasing the velocity disper-982

sion of the molecular gas, the polarization fraction is fairly983

constant across the full range of the velocity dispersion of984

the molecular gas, with ρ & −0.3, and even this low trend985

is not statistically significant in Arm 1. We find an upward986

trend in the polarized intensity (p < 0.05 in all components).987

As in the FIR, the radio polarization fraction is higher in the988

interarm with a probability of p = 4.7 · 10−3 in FIR and989

p = 1.2 · 10−4 in 3 cm). This result is consistent with the990

fact that the 12CO(1–0) velocity dispersion being lower in991

the interarm than in the arms. Fletcher et al. (2011) found992
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Figure 14. Comparison between 154µm (left column) and 3 cm (right column) of the total intensity (top row), polarized intensity (central row)
and polarization fraction (bottom row) as a function of gas column density (NHI+2H2 ). Arm 1 (blue upward pointing triangle), Arm 2 (red
downward pointing triangle), and interarms (black square) as defined in Figure 5. See the legend on each panel for the correlation analysis.
An asterisk symbol (∗) following each ρ correlation coefficient is shown if the correlation is statistically different from zero (p < 0.05). The
change in slope at log10(NHI+2H2 ]) ∼ 21.49 is shown as a black solid line and 1 − σ dashed area in the P154µm–NHI+2H2 plots.

an average polarization fraction of up to 40% in the interarm993

regions, against a clearly reduced polarization fraction of up994

to 25% in the spiral arms.995

In Fig. 16 we now present diagrams for the H I velocity996

dispersion (σv,HI). In general, the results show weaker cor-997

relations with H I than with 12CO(1–0) velocity dispersion998

in FIR and radio. The relation between the total intensity of999

FIR and 3 cm with σv,HI presents a much lower correlation1000

coefficient, which is only relatively mild-correlated in Arm1001

2 (ρ ∼ 0.5), but not well-correlated in the rest of the com-1002

ponents. The results are similar for the polarization fraction1003

and the polarized intensity. The FIR polarization intensity1004

does not show any correlation with σv,HI, and is very low1005

in the case of 3 cm. For the polarization fraction, we do not1006

find any significant relation in FIR or 3 cm with the velocity1007

dispersion of H I.1008

5.2. Star formation1009

In this section, we study the relation between the star for-1010

mation in the M51 disk and the magnetic fields. As described1011

in Sec. 1, one of the hypotheses that could explain potential1012

differences between FIR and radio polarization maps is the1013

effect of gas turbulence in star-forming regions. As super-1014

novae explosions and winds inject the ISM with some level1015

of turbulence, these mechanisms will generate a relationship1016

between turbulence-driven B-fields and SFR. In addition, due1017

to the effects of gravitational collapse, winds and star for-1018

mation the magnetic field in the molecular gas clouds can1019

present systematically different directions when compared to1020

that of the diffuse ISM (i.e. Pillai et al. 2020).1021

Therefore, SFR-induced turbulence is expected to be a1022

dominant effect. To test this hypothesis, we study the relation1023

between polarization fraction and polarized intensity with the1024

SFR. We obtained the SFR map from Leroy et al. (2019),1025

which combined UV, NIR, and mid-IR photometry based on1026
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Figure 15. Comparison between 154µm (left column) and 3 cm (right column) of the total intensity (top row), polarized intensity (central
row) and polarization fraction (bottom row) as a function of 12CO(1–0) velocity dispersion (σv,12CO(1−0)). Arm 1 (blue upward-pointing
triangle), Arm 2 (red downward-pointing triangle), and interarms (black square) as defined in Figure 5. See the legend on each panel for the
correlation analysis. An asterisk symbol (∗) following each ρ correlation coefficient is shown if the correlation is statistically different from
zero (p < 0.05).

the Galaxy Evolution Explorer (GALEX, Martin et al. 2005)1027

and the Wide-field Infrared Survey Explorer (WISE, Wright1028

et al. 2010) and stellar population synthesis models to cal-1029

ibrate integrated SFR estimators. The SFR scales with the1030

ISM density and this generally decreases with the galacto-1031

centric radius. Therefore, to compare different galactocen-1032

tric radii in an equivalent way, we also normalize the SFR by1033

the surface gas mass density to obtain the SFR efficiency in1034

yr−1. The gas mass density map was calculated multiplying1035

the column density maps used in Sec. 5 by the mean molecu-1036

lar weight µ and the hydrogen atomic mass (mH, see Sec. 2).1037

In Fig. 17 we show the SFR efficiency analysis for M51.1038

The top panels show the SFR and SFR efficiency map for the1039

area of M51 (reprojected to the HAWC+ resolution) where1040

we have available FIR and radio observations. As a refer-1041

ence, we display two dashed ellipses at a galactocentric ra-1042

dius of 166′′ and 183′′ (6.9 and 7.6 kpc), as an approximate1043

limiting radius where the magnetic pitch angle profile of ra-1044

dio and FIR observations are compatible (Sec. 4.4). On the1045

one hand, the SFR map shows a smooth distribution very1046

similar to the total intensity in FIR, with two well-defined1047

spiral arms, and a bright inner region. On the other hand, the1048

SFR efficiency map shows a clumpy structure, with knots of1049

high efficiency in the outskirts of the spiral arms (R ∼ 150′′,1050

6.2 kpc) and lower values in the interarms. The bottom panel1051

presents the average SFR efficiency radial profile for the spi-1052

ral arms of M51. Interestingly, both spiral arms do not show1053

similar trends in SFR efficiency. Arm 2 shows a lower value1054

closer to the galactic center than Arm 1. Both arms present1055

non-coincident peaks from the core to the outskirts. We find1056

a decreasing trend in the SFR efficiency of both arms be-1057

yond 6.6+0.5
−0.9 kpc (Rbreak = 167+17

−20 arcsec). This change in1058

slope is significant at a p < 10−5 level. This might suggest1059

that star formation processes might be playing a role in the1060

same mechanism that produces the systematic differences be-1061

tween the FIR and radio magnetic pitch angle profiles found1062

in Sec. 4.1063
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Figure 16. Comparison between 154µm (left column) and 3 cm (right column) of the total intensity (top row), polarized intensity (central row)
and polarization fraction (bottom row) as a function of H I velocity dispersion (σv,HI). Arm 1 (blue upward-pointing triangle), Arm 2 (red
downward-pointing triangle), and interarms (black square), where each data point is a polarization measurement as shown in Figure 5. See the
legend on each panel for the correlation analysis. An asterisk symbol (∗) following each ρ correlation coefficient is shown if the correlation is
statistically different from zero (p < 0.05).

In Fig. 18 we explore the overall effect of the SFR over1064

the polarization fraction for the HAWC+, 3 cm, and 6 cm1065

datasets. Interestingly, we found that there is a significant1066

anti-correlation between the polarization fraction and the1067

SFR in M51. This correlation is steeper and more correlated1068

in FIR (ρ = −0.842) than in radio (ρ = −0.597 for 3 cm,1069

and ρ = −0.675 for 6 cm). For the three wavelengths, the1070

correlation coefficients are significant at a level of p < 10−5.1071

Linear modeling of the log-scaled SFR and polarization frac-1072

tion diagrams (log10(P ) = a log10 SFR+b) for the different1073

wavelengths show that the 3 cm and 6 cm show a variation of1074

P with the SFR shallower than that detected in the FIR data1075

(see Table 4).1076

We test the SFR correlation against the total and polar-1077

ized intensity for the radio and FIR in Fig. 19. We find that1078

the FIR polarized intensity does not correlate with the SFR1079

(p = 0.428), but we find a positive correlation in 3 cm and1080

6 cm (ρ ∼ 0.38 − 0.5, p < 10−4). We find a positive cor-1081

relation between the FIR and radio total intensity with the1082

SFR (Table 4). This result is expected due to the FIR-radio1083

correlation (de Jong et al. 1985) and the fact that the SFR1084

is a function of total IR intensity, among other factors (Leroy1085

et al. 2019). For radio, the total intensity increases faster than1086

the polarized intensity with increasing of the SFR across the1087

galaxy.1088

In conclusion, we have found that there is a significant anti-1089

correlation of the FIR polarization fraction with the SFR in1090

M51, which does not translate into a correlation of the polar-1091

ized intensity. In contrast, the radio polarized intensity does1092

increase systematically at higher levels of SFR. The linear re-1093

gression fit for the observed relation between the polarization1094

fraction and SFR is compatible for the 3 cm and 6 cm obser-1095

vations, but not with the 154µm FIR dataset of M51. The1096

observations of HAWC+ reveal that the polarization fraction1097

in FIR is highly anti-correlated with the SFR, showing even1098

lower values for polarization fraction at similar levels of SFR1099

when compared to that predicted by radio observations. For1100



22 BORLAFF ET AL.

Table 3. Medians of the physical parameters of Arm 1, Arm 2, and interarm zones. Rows from top to bottom: 1–3) Total intensity for 154µm,
3 cm, and 6 cm. 4–6) Polarized intensity for 154µm, 3 cm, and 6 cm. 7–9) Polarization fraction for 154µm, 3 cm, and 6 cm. 10) H I column
density. 11) 12CO(1–0) velocity dispersion. 12) H I velocity dispersion.

Parameter Wavelength Arm 1 Arm 2 Interarm

I (Jy arcsec−2)
154µm 6.58+0.54

−0.36 · 10−3 5.10+0.56
−0.11 · 10−3 4.08+0.48

−0.26 · 10−3

3 cm 3.48+0.26
−0.27 · 10−6 2.60+0.16

−0.16 · 10−6 1.88+0.17
−0.15 · 10−6

6 cm 6.58+0.30
−0.37 · 10−6 4.68+0.35

−0.31 · 10−6 3.30+0.26
−0.19 · 10−6

PI (Jy arcsec−2)
154µm 2.04+0.15

−0.11 · 10−4 1.79+0.08
−0.08 · 10−4 1.86+0.08

−0.08 · 10−4

3 cm 5.41+0.62
−0.50 · 10−7 3.29+0.26

−0.26 · 10−7 3.43+0.18
−0.39 · 10−7

6 cm 9.80+0.80
−0.67 · 10−7 6.73+0.35

−0.34 · 10−7 7.58+0.63
−0.47 · 10−7

P (%)
154µm 3.0+0.3

−0.3 3.5+0.4
−0.3 4.2+0.3

−0.3

3 cm 15.9+1.5
−1.5 13.5+1.0

−1.1 17.9+1.2
−1.1

6 cm 16.2+1.4
−1.3 14.7+1.0

−1.0 22.9+1.2
−1.3

log10(NHI+2H2)[cm−2]) 21.66+0.01
−0.02 21.49+0.04

−0.02 21.40+0.02
−0.03

σ12CO(1−0) (km s−1) 5.77+0.13
−0.08 5.61+0.15

−0.22 4.29+0.09
−0.07

σHI (km s−1) 18.22+0.35
−0.20 21.34+0.32

−0.30 23.40+0.34
−0.21

Table 4. Linear fits to the relations between total intensity (rows 1 – 3),
polarized intensity (4–6), and polarized fraction (7–9), for 154µm, 3 cm,
and 6 cm as a function of the SFR. Row 10 shows the results for theP154µm

vs. I154µm model.

ID Equation Slope Intercept

1 log10 I154µm − log10 SFR 1.097+0.015
−0.015 −0.601+0.024

−0.024

2 log10 I3 cm − log10 SFR 0.938+0.017
−0.017 −4.131+0.025

−0.026

3 log10 I6 cm − log10 SFR 0.847+0.022
−0.022 −4.011+0.032

−0.032

4 log10 PI154µm − log10 SFR 0.023+0.019
−0.019 −3.68+0.030

−0.029

5 log10 PI3 cm − log10 SFR 0.506+0.035
−0.034 −5.66+0.056

−0.054

6 log10 PI6 cm − log10 SFR 0.275+0.035
−0.035 −5.73+0.056

−0.058

7 log10 P154µm − log10 SFR −1.074+0.023
−0.023 −1.08+0.037

−0.038

8 log10 P3 cm − log10 SFR −0.432+0.032
−0.030 0.465+0.051

−0.049

9 log10 P6 cm − log10 SFR −0.570+0.032
−0.033 0.276+0.053

−0.056

10 log10 P154µm − log10 I154µm −0.979+0.016
−0.018 −1.670+0.036

−0.041

the polarized intensity, we also find a different behavior in1101

the FIR and radio: 3 cm and 6 cm present a positive correla-1102

tion between PI and SFR, while no correlation is observed in1103

154µm. We discuss the relevance of these results in Sec. 6.3.1104

6. DISCUSSION1105

6.1. FIR vs Radio magnetic fields1106

In this work we find that the magnetic pitch angles at radio1107

(3 cm and 6 cm) and FIR (154µm) are well aligned in the in-1108

ner R < 160′′ (< 6.7 kpc) radius of M51, i.e. R < 160′′:1109

ΨFIR ∼ Ψ3 cm ∼ Ψ3 cm. This result does not change when1110

considering each one of the spiral arms independently, com-1111

bined, using only the interarm region, or when analyzing the1112

complete disk of M51 at once. Only for the interarm region,1113

the FIR and radio magnetic pitch angles are similar up to1114

the largest radius (220′′, 9.15 kpc) of our observations, i.e.1115

R ≤ 220′′: Ψ
IA

FIR ∼ Ψ
IA

3 cm ∼ Ψ
IA

6 cm. We find a significant1116

difference between magnetic pitch angles of the arms at radio1117

and FIR in the outer region (R > 160′′; > 6.7 kpc) of M51,1118

i.e. R > 160′′: Ψ
Arms

FIR < Ψ
Arms

3 cm ∼ Ψ
Arms

6 cm . In the outskirts1119

of M51, the FIR magnetic spiral arms are wrapped tighter1120

than the radio ones. The radio magnetic pitch angle seems to1121

be more open at increasing radius from the core. Our study1122

provides the first observational evidence of a morphological1123

difference between the kpc-scale magnetic field structure be-1124

tween radio and FIR in external galaxies.1125

We find that the morphological and magnetic pitch angles1126

vary as a function of the ISM component such as Ψ
Morph

HI <1127

Ψ
Morph

CO < Ψ
Morph

FIR ∼ Ψ
Morph

3 cm ∼ Ψ
Morph

6 cm (see Sec. 4.4). The1128

spiral arms traced by the neutral gas (H I) are wrapped tighter1129

than those traced by the molecular gas observed in 12CO(1–1130

0). Interestingly, the morphological pitch angles at radio and1131

FIR are the same across the full extent (220′′, 9.15 kpc) of1132

the galaxy, i.e. Ψ
Morph

FIR ∼ Ψ
Morph

3 cm ∼ Ψ
Morph

6 cm . However, the1133

magnetic and morphological angles show different behavior1134

across the galaxy disk. At low radii (R < 120′′, R < 5.01135

kpc), ΨMorph
FIR,3 cm,6 cm > ΨFIR,3 cm,6 cm, while at larger radii1136

ΨMorph
FIR,3 cm,6 cm < ΨFIR,3 cm,6 cm. The exception is at FIR at1137

radii R > 190′′ (> 7.9 kpc), where ΨMorph
FIR > ΨFIR. Al-1138

though radio and FIR may be tracing the same morphological1139
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Figure 17. Star formation rate efficiency analysis of M51. Top left panel: SFR map convolved to HAWC+ resolution, from WISE (Leroy et al.
2019). Top right panel: SFR efficiency map, estimated from the previous SFR map and the gas mass. Yellow dashed ellipse represents the
radius where the magnetic pitch angle from FIR and radio polarization observations decouple in the magnetic pitch angle profiles (R = 166′′–
183′′, see Fig. 8). The white solid ellipse represents the maximum detection radius for HAWC+ observations. Bottom panel: SFR efficiency
radial profile, based on the two previous maps. Vertical yellow dashed lines represent the R = 166′′–183′′ radii. Black solid vertical line and
teal rectangle represent the SFR efficiency break median value and its 1σ uncertainty interval, R = 167+17

−20
′′(7.0+0.7

−0.8 kpc). See the legend in
the figure.

regions of the galaxy disk, we found that the magnetic pitch1140

angle of the FIR differs at the outskirts of the galaxy. The1141

FIR may be affected by a different physical mechanism in1142

the outer regions of M51 (see Sec. 6.2).1143

The statistical difference found between the morphologi-1144

cal and the magnetic pitch angles in the disk of M51 at the1145

three wavelengths analyzed may be a direct hint of the inde-1146

pendence of the α–Ω dynamo from the spiral density waves1147

(Beck 2015b). Differences between the magnetic and mor-1148

phological pitch angles have been repeatedly found by pre-1149

vious authors: the average magnetic pitch angle of M 83 is1150

about 20◦ larger than that of the morphological spiral arms1151

(Frick et al. 2016). In M 101, the ordered magnetic pitch1152

angle is found to be ∼ 8◦ larger than those from the morpho-1153

logical pitch angle of the H I structures (Berkhuijsen et al.1154

2016). Van Eck et al. (2015) found that, on average, the mag-1155

netic pitch angle is ∼ 5 − 10◦ more open than the morpho-1156

logical pitch angles using a sample of 20 nearby galaxies, a1157

conclusion also found by Mulcahy et al. (2017) in M 74.1158
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Figure 18. Polarization fraction as a function of the SFR and wavelength (154µm, 3 cm and, 6 cm, from left to right) for the M51 full disk.
Each data point corresponds to an individual pixel positions in the HAWC+ and the convolved 3 cm and 6 cm data sets. Dashed line and contour
represent the best linear fit to the diagram for each dataset. In the background of the central and right panels, we represent the 154µm data
points, for visual reference. See the panels for the statistical correlation tests.

Figure 19. Total (top) and polarized intensity (bottom) as a function of the SFR and wavelength (154µm, 3 cm and, 6 cm, from left to right)
for the M51 full disk. Linear fits are presented in Table 4. See the panels for the statistical correlation tests.

In theory, spiral magnetic fields can be compressed by den-1159

sity waves, modifying the magnetic pitch angle. This mech-1160

anism would create a difference in the arm-interarm region1161
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across the galaxy disk. The regular magnetic field in the spi-1162

ral arm should be more similar to that of the morphological1163

pitch angle than the interarm magnetic field. The magnetic1164

pitch angle may be first compressed and ordered in the in-1165

terface between the arm-interarm region. There may be a1166

temporary and spatial disconnect between the morphological1167

spiral arm and the magnetic spiral arm due to the relative ac-1168

tion of the large-scale dynamos and the small-scale dynamos.1169

Detailed modeling of the M51 galactic system based on these1170

observations would be required to test the interaction of the1171

spiral density waves with the α–Ω dynamo.1172

6.2. The magnetic fields in the multi-phase ISM1173

In Sec. 5 we found that the radio and FIR total intensity1174

emission are both tightly correlated with the column density1175

NHI+2H2
and the 12CO(1–0) velocity dispersion. This re-1176

sult and the implicit radio–FIR correlation were explained1177

by Niklas & Beck (1997). In addition, we find that the FIR1178

polarization decreases with increasing the velocity dispersion1179

of the molecular gas and increasing column density. The in-1180

terarm shows lower velocity dispersion and a higher degree1181

of polarization than the arms. As the velocity dispersion is1182

used as a proxy for the turbulent kinetic energy in the disk, a1183

possible interpretation is that the small-scale turbulent mag-1184

netic field may be relatively more significant at higher veloc-1185

ity dispersion of the molecular gas and column densities than1186

the large-scale ordered field.1187

In addition, our results show that the FIR and radio to-1188

tal intensity, polarized intensity, and polarization fraction1189

do not correlate with turbulence in H I. Using magneto-1190

hydrodynamic simulations, Dobbs & Price (2008) suggested1191

that the small-scale turbulent component is produced by the1192

velocity dispersion of the dust and cold gas. This turbulent1193

component would be generated by the passage through a spi-1194

ral shock. The authors found that without the cold gas com-1195

ponent, the B-field remains well ordered apart from being1196

compressed in the spiral shocks. Our results suggest that the1197

small-scale turbulent field is then coupled to the molecular1198

gas motions but not to the neutral gas of M51. The molecular1199

gas motions are more concentrated in the densest regions of1200

the spiral arm and spatially coincident with the star-forming1201

regions along the arms.1202

These results suggest that the regions with higher column1203

density and higher levels of turbulence of the molecular gas1204

12CO(1–0) reduce the measured FIR polarization fraction in-1205

side each beam. The polarized intensity is not affected by1206

these quantities. The polarization fraction at radio wave-1207

lengths seems to be insensitive to the column density and the1208

level of turbulence of the molecular gas, instead, the polar-1209

ized radio emission is affected by these quantities. We find1210

that both FIR and radio are insensitive to the turbulence in the1211

neutral gas (H I) across the galaxy disk. Interestingly, Beck1212

et al. (2019) found no evidence of a spiral modulation of the1213

root-mean-square turbulent speed when compared the veloc-1214

ity dispersion of H I with the radio polarization of several1215

spiral galaxies (M51 included).1216

6.3. Star-formation and magnetic fields1217

In Sec. 5.2 we found a systematic anti-correlation between1218

the polarization fraction and the SFR. Similar results were1219

obtained earlier by Frick et al. (2001, using Hα emission1220

and 6.2 cm radio polarization) and Tabatabaei et al. (2013)1221

in NGC6946. The results of our work indicate that both FIR1222

and radio polarization fraction are anti-correlated with the1223

SFR. Interestingly, the polarized intensity at 154µm shows a1224

negligible correlation with the SFR, NHI+2H2
, and 12CO(1–1225

0) velocity dispersion, whereas PI increases at 3 cm and 6 cm.1226

In the diffuse ISM, the polarization fraction will decrease due1227

to 1) an increase of the relative contribution of unpolarized1228

thermal emission from SFR, 2) Faraday depolarization, and1229

3) variations of the B-field orientation within the beam and1230

along the LOS. Processes related to star formation (small-1231

scale dynamo) would induce the formation of an anisotropic1232

B-field component from the isotropic turbulent field, hence1233

increasing the polarized intensity in 3 cm and 6 cm. The po-1234

larized intensity may increase if the relative contribution of1235

anisotropic turbulent fields increases within the beam. How-1236

ever, the PI distributions in FIR show no correlation with1237

SFR, NHI+2H2 , or turbulence. Two different scenarios may1238

explain this result:1239

1. Different magnetic field directions in the same line of1240

sight or within the same beam decrease the polariza-1241

tion intensity in FIR (Fissel et al. 2016)1242

2. Effects on the dust grain alignment efficiency as a1243

function of the total intensity towards regions of high1244

column density (Hoang et al. 2021).1245

In the first scenario, the turbulence and morphological1246

complexity of the B-field in and around the molecular clouds1247

may cause beam depolarization at FIR wavelengths. Con-1248

sidering this hypothesis, the relative physical size of the1249

HAWC+ beam at 154µm is 13.6′′, approximately 565 pc at1250

a distance of 8.58 Mpc. If we compare this with the size1251

distribution of the giant molecular clouds of M51, which1252

ranges from 9 to 190 pc in radius, with an average of ∼50 pc1253

(Hughes et al. 2013), we find that the vast majority of these1254

clouds and their structure are unresolved with our spatial res-1255

olution. Thus, the complex B-field in the plane of the sky1256

within our beam and/or tangled B-field along the LOS to-1257

wards the cores of these structures causes a drop of polariza-1258

tion in our observations (i.e. depolarization).1259

The second proposed mechanism is based on a loss of1260

dust grain alignment efficiency towards regions of high col-1261

umn density and gas turbulence. According to the Radiative1262

Alignment Torques theory (RAT, Dolginov & Mitrofanov1263

1976; Lazarian & Hoang 2007), dust grain alignment effi-1264

ciency decreases for grains smaller than a certain size (acrit)1265

with column density due to collision dumping effect (Hoang1266

et al. 2021). Specifically, higher gas density causes a stronger1267

loss of alignment by gas-collision (which affects more effi-1268

ciently smaller grains). This effect changes the population1269

of aligned grain sizes to larger dust grains, i.e. the grain-1270

size distribution of aligned grain is narrower, which makes1271
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P decrease with increasing intensity and NHI+2H2 . In ad-1272

dition, P decreases with increasing gas turbulence (velocity1273

dispersion of gas) because the gas turbulence randomizes1274

and/or changes the position angle of polarization along the1275

LOS. This effect results in a decrease of P as σv,12CO(1−0)1276

increases, consistent with the first proposed scenario consid-1277

ering RATs.1278

To quantify this effect, the polarization fraction has been1279

found to depend on a certain power of the total intensity1280

(P ∝ Iξ, Hoang et al. 2021). The power depends on the1281

dust grains alignment efficiency, where ξ = 0 corresponds1282

to full alignment (perfectly polarized dust grain population),1283

ξ = −1 to pure random alignment, and ξ = −0.5 align-1284

ment dominated by gas turbulence. As PI=P·I, PI becomes1285

constant as ξ decreases. In the case of M51, we measure1286

ξ = −0.979+0.016
−0.018 (see Table 4), which implies a pure ran-1287

dom alignment regime. In this regime, PI is constant with I,1288

NHI+2H2
, and σv,12CO(1−0).1289

These hypotheses for the variation of the polarization frac-1290

tion of intensity, as well as the lower anti-correlation found1291

in radio observations when compared to FIR, require further1292

investigation, which is beyond the scope of this manuscript.1293

We cannot connect directly the variation of the polarization1294

fraction with the inner structure of the magnetic field in radio.1295

In order to do that, we would need to take into account the1296

added factor of Faraday depolarization (Sokoloff et al. 1998)1297

and the increase in unpolarized thermal emission, which can1298

be significant at 3 cm and 6 cm. Regions with higher SFR1299

present higher molecular gas densities, cold gas velocity dis-1300

persion, and higher neutral gas column densities. This can be1301

associated with a decrease in the polarization fraction in FIR,1302

but also with an increase of the total FIR intensity.1303

The SFR efficiency profile does show a significant de-1304

crease at R = 167+17
−20
′′ (7.0+0.7

−0.8 kpc) of the galactic disk.1305

The different SFR efficiency profiles between both arms sug-1306

gest that an asymmetric structure, possibly triggered by the1307

interaction of the galactic disk with the companion galaxy,1308

M51b. In addition, we do not observe the misalignment of1309

the FIR magnetic field outside the spiral arms. This distor-1310

tion is found in the outermost radius of M51, close to the1311

radii where Arm 2 is closer to M51b. While there is an agree-1312

ment of the general structure between the magnetic field of1313

the spiral arms in the molecular gas and the diffuse ISM for1314

the inner region, the magnetic pitch angle break is only found1315

in FIR and not in the radio polarization observations. These1316

results may suggest that the molecular disk might be more1317

affected by the interaction with M51b than the diffuse gas.1318

This result is expected since the molecular gas is a kinemat-1319

ically colder component of the galactic disk than the diffuse,1320

more dispersion-supported gas. Iono et al. (2005) found sig-1321

nificant differences (∆v > 50 km s−1) between the diffuse1322

gas and molecular disk kinematics in the rotation curves of a1323

sample of galaxy interacting pairs observed in H I and CO.1324

This suggests that the distortion of the magnetic pitch angle1325

profile found in the outskirts could be produced by the inter-1326

action of M51b with the cold dense molecular disk, visible on1327

both sides of the galaxy due to the effect of gravitational tidal1328

forces (Duc & Renaud 2013). Galaxy interactions could af-1329

fect the diffuse gas differently from the molecular gas, which1330

is kinematically colder, with a highly rotation supported dis-1331

tribution (Drzazga et al. 2011). In that case the location of1332

the molecular clouds preferentially in the spiral arms of M511333

could explain that the find a misalignment between the two1334

components of the magnetic field. Indeed, large angular dis-1335

persion in the measured magnetic field due to the interaction1336

of galaxies has been recently found using 89 µm polarization1337

data of Centaurus A by Lopez-Rodriguez (2021). This author1338

found that the small-scale turbulent fields have a larger con-1339

tribution than large-scale ordered fields in the molecular gas1340

of the remnant warped disk. The fact that we find the distor-1341

tion on both spiral arms would require a detailed MHD study1342

of the effects of tidal forces on galactic disks, and the previ-1343

ous history of the M51 interaction. The most drastic feature1344

is the down-bending break of the magnetic pitch angle profile1345

in FIR.1346

Van Eck et al. (2015) and Chyży et al. (2017) found a tight1347

relationship between the specific SFR and the total magnetic1348

field strength, which implies that the process of amplifying1349

magnetic fields in galaxies is mainly driven by small-scale1350

dynamo mechanisms from local SFR (Gressel et al. 2008a;1351

Schleicher & Beck 2013). The results from Chyży et al.1352

(2017) show that the total magnetic field is correlated with1353

the density of the cold molecular gas (H2) but not with the1354

warm diffuse H I interstellar medium, a result that is compat-1355

ible with our findings in Sec. 5. This shows that the amplifi-1356

cation of the B-fields may be taking place in the star-forming1357

regions of M51. This amplification may be driven by small-1358

scale turbulent dynamos, where small-scale refers to scales1359

smaller than our beam size and spatially correlated with the1360

star-forming regions along the spiral arms.1361

7. CONCLUSIONS1362

One of the most important and unexplored questions in1363

galaxy evolution is Can magnetic fields shape galaxies?1364

(Battaner & Florido 2007; Ruiz-Granados et al. 2010; Tsik-1365

lauri 2011; Ruiz-Granados et al. 2012; Jałocha et al. 2012a,b;1366

Elstner et al. 2014). Previous analysis on this topic based1367

their conclusions on the structure of the radio polarization1368

magnetic field, corresponding to the diffuse ISM. In this pa-1369

per, we present quantitative evidence that the kpc-scale struc-1370

ture of the magnetic field in the molecular gas and the diffuse1371

ISM of the grand design face-on spiral galaxy M51 shows1372

significant differences in the structure:1373

1. Within the inner 150′′ (6.24 kpc) of M51 we found1374

a general agreement of the magnetic field orientation1375

(measured as the magnetic pitch angle) between the1376

154µm, 3 cm and 6 cm bands. At R > 150′′ (> 6.241377

kpc), the magnetic pitch angle profile at 154µm shows1378

a significant break towards lower pitch angles, which1379

is not detectable in 3 cm or 6 cm.1380

2. When the two individual spiral arms are compared,1381

they show significantly different magnetic pitch angle1382
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profiles, consistently at all three wavelengths studied.1383

The exception is found at the outer region (R > 150′′,1384

> 6.24 kpc) in 154µm.1385

3. Longer wavelengths have higher magnetic pitch angles1386

in the arms, i.e. ΨArms
FIR < ΨArms

3 cm ∼ ΨArms
6 cm .1387

4. We do not find significant differences in the magnetic1388

pitch angles of the interarm regions, i.e. ΨIA
FIR ∼1389

ΨIA
3 cm ∼ ΨIA

6 cm.1390

5. The morphological pitch angles at FIR and radio wave-1391

lengths are similar across the full disk of M 51.1392

However, we found that morphological pitch angles1393

change as a function of the multi-phase ISM, such as1394

ΨMorph
HI < ΨMorph

CO < ΨMorph
FIR ∼ ΨMorph

3 cm ∼ ΨMorph
6 cm .1395

6. At FIR and radio and at radius < 100′′ (< 4.16 kpc),1396

the magnetic pitch angles are wrapped tighter than the1397

morphological pitch angles.1398

7. At FIR and radio and at radius > 100′′ (> 4.16 kpc),1399

the magnetic pitch angles of the spiral arms are larger1400

than those from the morphological structure. The ex-1401

ception is the FIR, whose magnetic pitch angle be-1402

comes tighter than the morphological pitch angle at ra-1403

dius > 200′′ (> 8.32 kpc).1404

We also compared the FIR and radio polarization with the1405

properties of the multi-phase ISM using the column den-1406

sity, velocity dispersion of the neutral (H I) and molecular1407

(12CO(1–0)) gas, and the SFR. Our results are:1408

1. The FIR and radio total intensity are positively corre-1409

lated with the hydrogen column density, and 12CO(1–1410

0) velocity dispersion.1411

2. The FIR polarization fraction is negatively correlated1412

with the total hydrogen column density (NHI+2H2 ) and1413

the 12CO(1–0) velocity dispersion. At radio, the polar-1414

ization fraction is flat with these quantities.1415

3. The FIR polarized intensity is flat with the column1416

density and 12CO(1–0) velocity dispersion. At radio,1417

the polarization intensity increases with these quanti-1418

ties. Two different mechanisms (beam depolarization1419

and dust grain alignment efficiency) are proposed in1420

Sec. 6.3 to explain the different trends observed in FIR.1421

4. We found no correlation between the FIR and radio1422

with the H I velocity dispersion.1423

5. The polarization intensity presents a significant cor-1424

relation with the SFR in 3 cm and 6 cm, but none in1425

154µm observations. We found a tight anti-correlation1426

between the polarization fraction and SFR in 154µm,1427

3 cm and 6 cm.1428

6. The two spiral arms show different trends as a function1429

of SFR efficiency. Arm 2 shows a lower value closer1430

to the galactic center than Arm 1. Both arms present1431

non-coincident peaks from the core to the outskirts.1432

7. We found a decreasing trend in the SFR efficiency of1433

both arms beyond 7.0+0.7
−0.8 kpc (Rbreak = 167+17

−20
′′).1434

The results detailed above point to an important observa-1435

tion: the multi-phase of the ISM affect the B-field structure1436

in the galaxy. This effect can be disentangled by performing1437

a multi-wavelength approach using the FIR and radio polar-1438

ization observations. Our observations support the presence1439

of a clear interlinked scenario between the SFR and the mag-1440

netic field in different phases of the ISM. Lower polarization1441

fractions may be due to the presence of magnetized but com-1442

plex structures in the regions with denser molecular clouds.1443

The location of the arm, interarm and core components used1444

to produce the diagrams of polarization fraction and intensity1445

support this interpretation.1446

The diffuse ISM presents a much more regular magnetic1447

field than the cold dense molecular gas, and this is revealed1448

in the structure of the magnetic pitch angle profiles. It is in-1449

teresting that these magnetic fields show differences from the1450

pitch angle structure of the morphological arms, supporting1451

the separation of the α–Ω dynamo from the density waves.1452

The observed differences between the radio parameters and1453

those of the FIR might be produced by kinematic decoupling1454

between the diffuse and dense ISM through the tidal forces1455

with the companion galaxy M51b. However other effects,1456

such as internal kinematic phenomena associated with den-1457

sity wave resonances cannot be ruled out. These effects are1458

beyond the scope of this paper and will be studied in a forth-1459

coming publication.1460

It remains unknown if the magnetic fields can systemati-1461

cally influence the global kinematics of the star-forming re-1462

gions inside the molecular clouds, enhancing stellar migra-1463

tion. Observational testing of such a hypothesis can only be1464

obtained through a revision of our analysis based on the mag-1465

netic field structure of molecular clouds in galaxies. High-1466

resolution, FIR polarization observations of galaxies such as1467

those provided by HAWC+/SOFIA are vital to understand-1468

ing the role of magnetic fields in the evolution of the Uni-1469

verse. Ongoing efforts like the SOFIA Legacy Program (PIs:1470

Lopez-Rodriguez & Mao) will provide deeper FIR polari-1471

metric observations of a sample of nearby galaxies, where,1472

combining them with observations of radio and other trac-1473

ers, we should be able to disentangle the relation between1474

the SFR and the magnetic structure of the molecular clouds1475

within the galactic disks.1476
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APPENDIX1505

A. MOCK MAGNETIC FIELD TEST1506

In this section, we detail the tests performed to ensure the quality of the magnetic pitch angle profiles. We use a set of 8 mock1507

observations with different configurations in terms of magnetic pitch angle (Ψ), position angle (PA), inclination (i), and SNR.1508

These tests were performed following a single-blind setup, where a member of the team produced the mock observations and1509

another member of the team performed the data analysis without knowing the parameters of the models. This approach ensures1510

the unbiased quality of the results. We use the 89 µm HAWC+ observations of NGC 1068 presented by Lopez-Rodriguez et al.1511

(2020) to setup the HAWC+ array configuration and the total intensity. Figures 20 and 21 show the total intensity of NGC1068 at1512

89 µm. Stokes QU were replaced by the mock observations with the parameters shown in Table 5. A logarithmic spiral function1513

with a single pitch angle, Ψ, across the image was used. This B-field model was then inclined and tilted to produce the projected1514

B-field orientation in the plane of the sky. Noise was added using a Gaussian profile with mean µ = 0 and standard deviation1515

σ =max(IQU)/SNR, that is, the noise level is specified by the desired SNR from the peak pixel. Figure 22 shows the difference1516

between the fixed parameter in the model with the estimated pitch angle following the approach in Section 3.1. An accuracy≤ 5◦1517

is achieved for polarization measurements with P/σP ≥ 2. The large uncertainties at the inner and outer radii are due to the small1518

amount of polarization measurements to produce enough statistical analysis. At these radii, a maximum angular uncertainty of1519

∼ 15◦ is expected.1520

Table 5. Parameters of mock observations for the pitch angle estimations. Columns, left to
right: 1) ID. 2) Inclination of the model. 3) Position angle. 4) B-field pitch angle. 5) Signal
to noise ratio (SNR). 6) Brief description on the individual models.

Test Inclination PA Pitch SNR Comments

(◦) (◦) (◦)

A 0 0 0 1 Face-on, Azimuthal Profile, Low SNR

B 0 0 0 3 Face-on, Azimuthal Profile

C 0 0 0 10 Face-on, Azimuthal Profile, High SNR

D 0 0 60 1 Face-on, Large pitch angle, Low SNR

E 0 0 60 3 Face-on, Large pitch angle

F 0 0 60 10 Face-on, Large pitch angle, High SNR

G 30 0 60 1 Inclined, Large pitch angle, Low SNR

H 30 47 17 1 Inclined, Tilted, Small pitch angle, Low SNR

B. POLARIZATION POSITION ANGLE DIAGRAMS1521

In Fig. 23 we represent the position angle of the 90◦-1522

rotated polarization orientations of the 3 cm and 6 cm radio1523

datasets as a function of those of SOFIA/HAWC+ in 154µm,1524

for the different morphological components of M51. We re-1525

fer to Fig. 11 of Jones et al. (2020) for a version of this fig-1526

ure with a subset of the HAWC+ observations presented in1527

this work. The observed variation from a 1:1 relation are ex-1528

pected in these diagrams, suggesting that FIR and radio po-1529

larization observations do not trace the same magnetic field1530

structure, agreeing with the main results of the present work1531

(see Sec. 7).1532

C. POLARIZATION DIAGRAMS AT 6 CM1533

In this appendix we show the plots for the total intensity,1534

polarized intensity, and polarization fraction at 6 cm as a1535

function of the column density, and velocity dispersion of1536

the neutral gas, H I, and molecular gas, 12CO(1–0). Section1537

5 presents the analysis.1538
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Figure 20. Mock observations of the spiral B-field. Total intensity (colorscale) maps show the 89 µm HAWC+ observations of NGC1068 by
Lopez-Rodriguez et al. (2020). Mock B-field orientations (black) and model (red) are shown for tests ABCD with the parameters shown in
Table 5.
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Figure 21. Same as Fig. 20 for tests EFGH.
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Figure 22. Magnetic pitch angle mock dataset analysis. On the vertical axis we represent the magnetic pitch angle profile Ψ(R) minus the
simulated angle ΨMock as a function of radius for the mock observations shown in Table 5.

Figure 23. Distribution of the position angles of the 90◦-rotated polarization orientations in 3 cm and 6 cm, as a function of those obtained in
154µm. The dashed diagonal represents the 1:1 relation. See the legend for the symbols identifying the different morphological components
of M51.
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Figure 24. Distribution of 6 cm total intensity (top row), polarized intensity (central row) and polarization fraction (bottom row) as a function
of gas column density (NHI+2H2 , left column) and 12CO(1–0) velocity dispersion (σv,12CO(1−0), right column). Symbols represent Arm 1
(blue upward pointing triangle), Arm 2 (red downward pointing triangle), and interarms (black square), where each data point is a polarization
measurement as shown in Figure 5. See the legend on each panel for the correlation analysis. An asterisk symbol (∗) following each ρ
correlation coefficient is shown if the correlation is statistically different from zero (p < 0.05).
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Figure 25. Distribution of 6 cm total intensity (top row), polarized
intensity (central row) and polarization fraction (bottom row) as a
function of the H I velocity dispersion (σv,HI). Symbols represent
Arm 1 (blue upward pointing triangle), Arm 2 (red downward point-
ing triangle), and the interarm region (black square), where each
data point is a polarization measurement as shown in Figure 5. See
the legend on each panel for the correlation analysis. An asterisk
symbol (∗) following each ρ correlation coefficient is shown if the
correlation is statistically different from zero (p < 0.05).
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