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ABSTRACT

We propose and apply a method to quantify the morphology of the large-scale ordered magnetic fields (B-
fields) in galaxies. This method is adapted from the analysis of Event Horizon Telescope polarization data.
We compute a linear decomposition of the azimuthal modes of the polarization field in radial galactocentric
bins. We apply this approach to five low-inclination spiral galaxies with both far-infrared (FIR: 154 pm) dust
polarimetric observations taken from the Survey of ExtragALactic magnetiSm with SOFIA (SALSA) and radio
(6 cm) synchrotron polarization observations. We find that the main contribution to the B-field structure of
these spiral galaxies comes from the m = 2 and m = 0 modes at FIR wavelengths and the m = 2 mode at
radio wavelengths. The m = 2 mode has a spiral structure and is directly related to the magnetic pitch angle,
while m = 0 has a constant B-field orientation. The FIR data tend to have a higher relative contribution from
other modes than the radio data. The extreme case is NGC 6946: all modes contribute similarly in the FIR,
while m = 2 still dominates in the radio. The average magnetic pitch angle in the FIR data is smaller and has
greater angular dispersion than in the radio, indicating that the B-fields in the disk midplane traced by FIR dust
polarization are more tightly wound and more chaotic than the B-field structure in the radio, which probes a
larger volume. We argue that our approach is more flexible and model-independent than standard techniques,

while still producing consistent results where directly comparable.

Keywords: XXX

1. INTRODUCTION

Large-scale spiral magnetic field (B-field) structures are
frequently observed in spiral galaxies (e.g., Beck et al. 2019;
Lopez-Rodriguez et al. 2022a). These B-fields are thought
to be generated via a mean-field dynamo driven by differen-
tial rotation of the galactic disk and turbulent helical motions
(Shukurov & Subramanian 2021). The three-dimensional
structure of galactic B-fields can be decomposed into radial
(B:), azimuthal (Bg), and vertical (5,) components, where
the coordinate system is typically defined relative to the core
of the galaxy. The structure of the disk magnetic field (e.g.,
at the midplane z = 0) is often summarized using the pitch
angle U = arctan(B,/By) (Krasheninnikova et al. 1989).
In this formalism, a perfectly toroidal B-field has ¥g = 0°,
and a perfectly radial B-field has U = 90°.

The full three-dimensional structure of galactic B-fields is
not directly measurable, but Uy can be estimated from po-
larimetric measurements of a galactic disk. For any point
in the galaxy, Uy is the angle between the local magnetic
field orientation and the tangent to a circle with origin at
the galaxy’s center that passes through that point. The lat-
est compilation of Up from radio polarimetric observations
of 19 nearby galaxies shows that the ¥ is mostly constant
within the central 5 — 10 kpc, with values in the range of
20—35° (Beck et al. 2019). The ¥ were found to be system-
atically offset by 5-10° when compared with the molecular

(CO) spiral arms (Van Eck et al. 2015; Frick et al. 2016)—i.e,
the magnetic pitch angles are more open than the molecular
gas arms.

Far-infrared (FIR) polarimetric observations have shown to
reveal different components of the large-scale B-fields in the
disk of galaxies (e.g., Borlaff et al. 2021; Lopez-Rodriguez
et al. 2021, 2022a; Borlaff et al. 2023). The detailed study
performed in the spiral galaxy M51 showed that the radio
and FIR magnetic pitch angles are similar within the cen-
tral 6 kpc, but at larger radii the FIR Wg wrapped tighter
than at radio wavelengths (Borlaff et al. 2021). The rea-
son for this difference may be caused by the interaction of
M51 with M51b (NGC 5195) and/or the injection of ki-
netic energy driven by the strong star formation region in
the outskirts of the spiral arms of M51. These results have
been further confirmed using a sample of seven spiral galax-
ies with FIR and radio polarimetric observations (Borlaff
et al. 2023). The difference in the observed B-field structure
arises from the different nature of the interstellar medium
(ISM) associated with the FIR and radio wavelengths. The
FIR polarization arises from thermal emission of magneti-
cally aligned dust grains tracing a density-weighted medium
along the line-of-sight (LOS) and within the beam (i.e., full-
width-at-half-maximum, FWHM) of the observations of a
dense (log;o(Nurpme[cm™2]) = [19.96,22.91]) and cold
(Ty = [19,48] K) component of the ISM (SALSA 1V,
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Lopez-Rodriguez et al. 2022b). The radio polarimetric ob-
servations arise from non-thermal synchrotron emission in
the warm and diffuse ISM. The radio polarized intensity has
been found to be higher in the interarm regions and halos of
galaxies (e.g., Beck et al. 2019; Krause et al. 2020).

The pitch angles have been characterized assuming a pri-
ori functions meant to represent spiral arms—i.e., logarith-
mic spirals. Some models estimate pitch angles using a log-
arithmic spiral function fitted to the spiral arms of the gas
tracers and/or a multi-mode logarithmic spiral B-field fitted
to the magnetic arms (Fletcher et al. 2011; Van Eck et al.
2015). Then, a mean pitch angle value of the entire galaxy
is estimated and compared between tracers. This approach
assumes that the B-field is well-described by a single spiral
B-field.

Other models used a wavelet-based approach in the spiral
galaxies M51 (Patrikeev et al. 2006), M83 (Frick et al. 2016),
and NGC 6946 (Frick et al. 2000). Borlaff et al. (2021) per-
formed the same wavelet analysis to the morphological spi-
ral arms and estimated the mean pitch angle per annulus as
a function of galactocentric radius for the magnetic pitch an-
gles. All these studies found an almost flat magnetic pitch
angle as a function of the galactocentric radius, and system-
atic angular offsets between the magnetic pitch angle and the
gas structures (i.e., CO, HI, and HII emission). These ap-
proaches use a kernel with a certain profile, typically some
class of wavelet, to estimate the width and orientation of the
spatial structures in polarized emission. The output of this
method is highly dependent on the applied kernel.

Other works have analyzed the regular B-field structure of
galaxies using linear models of the mean-field galactic dy-
namo (e.g., Krause & Wielebinski 1991; Berkhuijsen et al.
1997; Fletcher et al. 2004, 2011). These models assume an
expanded B-field pattern in a Fourier series in the azimuthal
angle. Each mode is a logarithmic spiral with a constant
magnetic pitch angle, with the sum of all modes describing
a non-axisymmetric B-field. The radio B-field orientations,
corrected for Faraday rotation, are fitted using a linear super-
position of logarithmic spiral B-fields in three dimensions.
The azimuthal wave number mgq = 0 is an axisymmetric
B-field with constant B-field direction, mq = 1 is a bisym-
metric B-field with two opposite spiral B-field directions, and
mq = 2 is a quadrisymmetric B-field with alternating B-field
directions. Most of the studied galaxies in radio polarimetric
observations are dominated by mq = 0 (Beck et al. 2019),
although higher modes are sometimes required (e.g., Ehle &
Beck 1993; Rohde et al. 1999). mgq > 2 cannot be studied
with the spatial resolutions provided by current radio polari-
metric observations because they are not sensitive to small
spatial variations of the B-field direction. For some galaxies,
any combination of modes provides a good fit for the B-field
orientations (Beck et al. 2019, table 6). Although a decom-
position of the B-field is made, only linear combination of
logarithmic spirals are taken into account. Thus, a model-
independent systematic study of the B-field geometry as a
function of galactocentric radii and tracers is required.

Our goal is to characterize the B-field morphology of spiral
galaxies. We make use of the linear polarimetric decompo-
sition approach (Palumbo et al. 2020) applied to analyze the
B-field structure around the supermassive black hole of M87
from the Event Horizon Telescope (EHT; Event Horizon
Telescope Collaboration et al. 2021a,b). Lopez-Rodriguez
et al. (2021, SALSA II) applied this method to the B-fields in
the starburst ring of NGC 1097, finding that the radio B-field
is dominated by a spiral B-field (with an azimuthal mode
m = 2), while a constant (;m = 0) B-field dominates at
FIR wavelengths. The m = 2 B-field was attributed to a
magnetohydrodynamic (MHD) dynamo, and the m = 0 B-
field was associated with galactic shocks between the bar and
the starburst ring. These results showed the potential of this
method to analyze the B-fields in the multiphase of galaxies.
Here, we apply the linear polarimetric decomposition to ana-
lyze the B-field orientation in a sample of five spiral galaxies
with resolved radio and FIR polarimetric observations. We
describe in Section 2 the methodology of the linear polari-
metric decomposition. The results of the decomposition of
the B-field morphology using FIR and radio observations are
shown in Section 3. Our discussions are described in Section
4, and our main conclusions are summarized in Section 5.

2. METHODS

We adapt the method (Palumbo et al. 2020) proposed for
the analysis of EHT measurements of the polarized emission
around the supermassive black hole in M87 (Event Horizon
Telescope Collaboration et al. 2021a,b). Here, we summa-
rize the method and describe how this linear polarimetric de-
composition can be used to estimate the underlying B-field
structure of a spiral galaxy.

2.1. Decomposition into azimuthal B-Field modes

We start by describing the linear polarization via the com-
plex polarized intensity

PB(pv (b) = _Q(pv ¢) - ZU(p7 (b)a (1)

where () and U are the Stokes parameters of linear polar-
ization, and p and ¢ are radial and azimuthal coordinates,
respectively. The sign convention in the definition of Py rep-
resents our interest in the B-field orientation, which is rotated
by 90° from the electric vector position angle measured in
radio and FIR polarimetric observations. The measured po-
larization field is decomposed into azimuthal modes, m, with
amplitudes of f3,,, via the decomposition definition

1 Pmax 27 )
By = —— / / Ps(p, $)e ™ pdddp,  (2)

Tann Jprsn Jo

where I,,, is the total Stokes I in the annulus range of
[Pmin, Pmax] defined as

Pmax 2m
Linn = / / I([% ¢)pd¢dp (3)

Pmin 0
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Figure 1. Examples of the decomposition of the linear polarization
fields in a ring. The morphology of the linear polarization field
corresponding to 0 < m < 3 modes with different values of the (3,
coefficient are presented.

Bm is a dimensionless complex number. Its absolute value,
| Bm|, corresponds to the amount of coherent power in the
m mode, and the argument, /3, corresponds to the aver-
age pointwise rotation of the B-field orientation within an an-
nulus of radius [pmin, Pmax]- We define ¢ = 0° as the B-field
orientation in the north direction with positive values increas-
ing along the counterclockwise direction (East of North).
This decomposition can be thought of as an azimuthally aver-
aged Fourier transform of the complex polarization field per
annulus, where the (3,,, coefficients are Fourier coefficients
corresponding to the internal Fourier modes.

We provide a collection of examples of linear polarization
fields in a ring corresponding to 0 < m < 3 modes with dif-
ferent values of the /3,,, coefficient in Figure 1 (see also figure
1 of Palumbo et al. 2020). Figure 1 shows the B-field struc-
ture for the 0 < m < 3 periodic modes with different values
of the 5, coefficient. Each polarization field component has
an absolute amplitude of |3,,| = 1. The different configura-
tions arise from the mode, m, and sign of (3,,. The B-field
orientations along the ring are offset by an angle /3, given
by half of the complex phase of 8, = (R(Bm) + S(Bm))
within [—90, 90]°

LBm = %arctan (;Eg:; ) @)

The m = 0 mode corresponds to a constant B-field orien-
tation, m = 1 mode corresponds to a half dipole field struc-
ture, and m = 2 corresponds to a radial and toroidal distri-
bution in the real space and a spiral structure in the complex
space. Note that the m = 2 mode is analogous to the E and

B mode decomposition commonly used in studies of CMB
polarization (e.g., Kamionkowski et al. 1997; Seljak & Zal-
darriaga 1997; Zaldarriaga 2001), where the real part of 32 is
the £-mode and the imaginary part is the B-mode. We show
the reconstruction of a non-trivial B-field orientation with a
combination of m = 0 and m = 2 modes in Figure 2.

2.2. Implementation of the algorithm

We estimate the B-field orientation over a spiral galaxy as
follows.

1. We construct a two-dimensional map of azimuthal an-
gles such that ¢ = 0° corresponds to North (up), and ¢
increases in the counterclockwise direction (East from
North).

2. We define a set of radial masks centered at the peak
of the galaxy’s central emission at a given wavelength.
We use the same central point for both FIR and radio
wavelengths. The first step is to define the grid of ra-
dial distances, i.e., the projected distance of each pixel
from the galaxy’s center in the x, y plane (with the line
of sight along z). For a galaxy perfectly face-on, the
radial mask is a simple circular annulus centered at the
peak of the galaxy. For inclined galaxies, we rotate the
radial mask by the galaxy’s inclination, ¢, and tilt, 6,
angles. We calculate ' = R,[i] R [f]r, where  is the
original radius, ' is the new radial distance, and R,[i],
R, [0] are the rotation matrices for the inclination and
tilt, respectively. We can thus define the projected an-
nulus for any given inner and outer radius.

3. We compute Ps(p,¢) = —Q(p,¢) — iU(p,9),
the complex-valued polarized intensity (Equation 1),

where @ and U are the measured Stokes parameters at

the galactrocentric radius of p = /22 + y2 and az-
imuthal angle ¢.

4. Using Equation 2, we calculate the amplitude |3, | and
angle /3, for every annulus.

5. For m = 2 only, we take the product of the basis func-
tion ¢”™? and the complex-valued polarization field
P(p,¢) = Q(p,¢) + iU(p, ¢). Note that this defi-
nition of the polarized intensity is the opposite sign to
Equation 1. We define this for m = 2 to facilitate
comparison with other measurements of galaxy mag-
netic pitch angles: this quantity represents the tangent
to the local circumference at a given distance from the
galaxy’s center, which is equivalent to the pitch angle
of the B-field, ¥,. The angles Z3; and W5 are thus
complementary. Figure 2 illustrates the definition of
each.

We estimate the uncertainty on our decomposition param-
eters via a Monte Carlo technique. We generate 5000 real-
izations of the Stokes I, (), and U fields by randomly sam-
pling each pixel from a Gaussian distribution centered on the
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Table 1. Galaxy Sample. Columns, from left to right: (a) Galaxy name. (b) Galaxy distance in Mpc. (c) Physical scale in pc per

arcsec. (d) Galaxy type. (e) Inclination of the galaxy in degrees. (f) Position angle of the long axis of the galaxy in the plane of the

sky. (g) References for the distance, inclination, and tilt angles.

Galaxy  Distance’ Scale  Type*  Inclination (i)> Tilt (PA)? References
(Mpe)  (pe/”) ) ©) )
(a) (b) (©) @ (e) () (&
M51 8.58 41.21 Sa 22.5+5 —743  'McQuinn et al. (2017); 2Colombo et al. (2014)
M83 4.66 22.38 SAB(s)c 2515 226 + 5 1Tully et al. (2013); 2Crosthwaite et al. (2002)
NGC 3627 8.90 42.75 SAB(s)b 52 +1 176 1  'Kennicutt et al. (2003); ?Kuno et al. (2007)
NGC 4736 5.30 25.46  SA(r)ab 36+7 29242  Kennicutt et al. (2003); 2Dicaire et al. (2008)
NGC 6946 6.80 32.66 Sc 38.4+ 3.0 239 +1 'Karachentsev et al. (2000); 2Daigle et al. (2006)

*Galaxy type from NASA/IPAC Extragalactic Database (NED; https:/ned.ipac.caltech.edu/)

Figure 2. Example of the B-field decomposition of a galaxy. The
composition of the m = 2 mode with S = —i and the m =
0 mode with By = —i is shown. Additionally, the relationship
between the averaged pointwise rotation of the B-field orientation,
/32, and the magnetic pitch angle, W, is illustrated at the top of
the m = 2 mode on the left.

measured value, and with a standard deviation equal to the
measurement uncertainty. From each realization we compute
|Binls £Bm, and ¥4 for each annulus defined by radial range
[Pmin;s Pmax)- We compute the mean and standard deviation
of each quantity over the 5000 samples. This method is im-
plemented in PYTHON, and the code is available in Zenodo'.

3. APPLICATION

We describe the data used in this work and show the re-
sults of this method to quantify the B-field structure of spiral
galaxies.

3.1. Archival data

We apply the method presented in Section 2 to a sample
of five spiral galaxies. These spiral galaxies are the only
publicly available objects with combined FIR and radio po-
larimetric observations. The application to both wavelengths
allows us to characterize the B-field morphology in two dif-

' The code used in this work is registered with DOI https://zenodo.org/

record/8011542

ferent phases of the ISM. Table 1 lists the properties of the
galaxy sample used in this work.

The FIR data were taken from the Survey of ExtragALac-
tic magnetiSm with SOFIA (SALSA?) published by Lopez-
Rodriguez et al. (2022b, SALSA 1V). All FIR polarimetric
observations were performed using SOFIA/HAWC+ at 154
pm with a beam size (FWHM) of 13.6” and a pixel scale
of 6.90” (i.e., Nyquist sampling). For a detailed descrip-
tion of the data reduction see Lopez-Rodriguez et al. (2022c,
SALSA III) and for an analysis of the polarization fraction
see Lopez-Rodriguez et al. (2022b, SALSA IV) and B-field
orientation see Borlaff et al. (2023, SALSA V).

The radio polarimetric observations were obtained with the
Very Large Array (VLA) and the Effelsberg 100-m radio tele-
scope at 6 cm with a typical angular resolution of 8”. For
a detailed description of the data reduction of each galaxy
we defer to Fletcher et al. (2011, M51), Frick et al. (2016,
M83), Soida et al. (2001, NGC 3627), Chyzy & Buta (2008,
NGC 4736), and Beck (1991, 2007, NGC6946). The 6 cm
polarimetric observations were selected because they are the
common radio wavelength of all galaxies and have higher
signal-to-noise ratios than the 3 cm. At longer radio wave-
lengths (18, 20 cm), the observations can be strongly affected
by Faraday rotation (Beck et al. 2019). For all radio obser-
vations, the Stokes I, @), and U were convolved with a 2D
Gaussian kernel to match the beam size of the HAWC+ ob-
servations. Then each galaxy was reprojected to match the
footprint and pixelization of the HAWC+ observations. The
smoothed and reprojected radio polarimetric observations are
publicly available on the SALSA website. Figure 3 shows the
measured B-field orientation at 154 pm and 6 cm for each of
the spiral galaxies used for our study. For visualization pur-
poses, we display one B-field orientation per beam and only
polarization measurements with PI/op; > 3, where PI is

2 Data from SALSA can be found at http://galmagfields.com/
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the polarized intensity and o p; is the associated uncertainty.
The polarization measurements used for the analysis are de-
scribed in Section 3.2.

3.2. Results of the B-field orientation decomposition

We apply the steps presented in Section 2.2 to the five
galaxies shown in Figure 3. For the analysis of the linear
polarimetric decomposition, we select data with I /oy > 10,
where I and o are the Stokes [ and its uncertainty, respec-
tively. Table 1 shows the galaxy’s inclination, ¢, and tilt,
0, angles used to define the projected annuli. We calculate
the radial profiles selecting the width of each annulus to be
equal to the beam size of the HAWC+ observations, i.e., 13”6
(2 pixels). The core (2 beams = 27”2 = 4 pixels) of each
galaxy is masked because of the limited number of indepen-
dent measurements in that innermost region. Each decompo-
sition is centered at the location of the peak total intensity of
the radio emission. All of these galaxies have an unresolved
core at radio wavelengths, while the FIR emission shows an
extended core (e.g., M83) or a dearth of central emission
(e.g., M51). We test the robustness of the central coordinate
selection by varying the central coordinates by 41 pixel in
all directions. Specifically, we moved the central coordinates
by £1 pixel and calculated the standard deviation of all mea-
surements to be < 8° at FIR wavelengths and < 4° at radio
wavelengths in the final pitch angles, Wo, across the entire
disk. We show the results (Figures 4 and 5) out to the largest
radius where we can measure an uncertainty on Wy < 30°.
Figures 4 and 5 display the intensity map at FIR wavelengths
to show the morphological structure of the galaxy. These fig-
ures show the magnetic pitch angles and relative amplitudes
at radio and FIR wavelengths as a function of the galactocen-
tric radius. We describe the amplitudes and magnetic pitch
angles in the following sections.

3.2.1. Amplitudes

We compute 3, for the —3 < m < 3 modes and show
their relative amplitudes as a function of the radii (Figures
4 and 5). We estimate the statistical significance of B-field
modes in the m = [—17,17] range (Appendix A). We find
that the m = [—3, 3] range is the most representative set of
B-field modes in our galaxy sample. This result is mainly
because the complexity of the B-field morphology described
by higher modes is at smaller scales than the resolution of
the observations. The fractional amplitude per annulus, per
galaxy is

Bl = il
Em:73 ‘ﬁ m|

where the uncertainties are estimated using the Monte Carlo
approach described in Section 2.2.

Figures 4 and 5 show that the most common mode is m =
2 at radio wavelengths. The m = 2 is also common at FIR
wavelength, except for NGC 6946. For NGC 6946 all modes
across the full disk are equally important. To quantify these
trends, we can further average over all annuli and all galaxies

(&)

and estimate the mean relative mode amplitude of our spiral
galaxies (Figure 6 and Table 2).

At radio (6 cm) wavelengths, we find that m = 2 is the
most dominant mode for our spiral galaxies. We estimate
that the dominant m = 2 mode at 6 cm has a mean relative
contribution of | 32| = 0.37+0.05, averaged over annuli. The
following modes are m = 0, m = 1, and m = 3 with similar,
within the uncertainties, relative contributions to the radio B-
field of |5y| = 0.14 + 0.03, |531] = 0.12 + 0.03, and |33]| =
0.11 + 0.02, respectively. All negative modes have relative
amplitudes < 0.1 in the radio, but together they account for
|Bm<o| ~ 0.25 of the total average mode amplitude.

At FIR (154 pm) wavelengths, m = 2 and m = 0
have similar, within the uncertainties, relative contributions
of | 82| = 0.19 £ 0.05 and |5p| = 0.17 £ 0.04 averaged over
the full disk. The modes m = 1 and m = 3 have the same
relative amplitude of ~ 0.13. The negative modes have rel-
ative amplitudes in the range of 0.10 — 0.12, and they sum
to | Bm<o| ~ 0.33 of the total average FIR polarization mode
amplitude. The FIR polarization data thus show significantly
weaker mode preference compared to the radio polarization
data in general. This is evident in the individual galaxy mode
decompositions (Figures 4 and 5), as well as the mean rela-
tive mode contribution for each data set (Figure 6).

NGC 6946 displays the most extreme difference between
the mode decomposition in the radio and the FIR data (Fig-
ure 5, last row). In the radio, the m = 2 mode is strongly
dominant, with |S2| = 0.43 & 0.06. By contrast, all modes

contribute roughly equally to the FIR polarization (|5,,| =
[0.11 — 0.17]). This is perhaps not surprising because of the
galaxies in our sample, NGC 6946 has the most irregular B-
field morphology in the FIR. We recalculate the mean relative
mode amplitudes for the four galaxies excluding NGC 6946,
and we find that the Table 2 values do not change within the
stated uncertainties.

3.2.2. Magnetic pitch angles

The magnetic pitch angle, V5, is the complementary an-
gle to the /5 angle estimated by the B-field mode decom-
position method (Figure 2). We show radial profiles of the
pitch angles for each galaxy in Figures 4 and 5. We also es-
timate the mean pitch angles, (¥5), per galaxy at FIR and
radio wavelengths (Table 3). Figure 4 also includes /3, (the
azimuthal angle associated with the m = 0 mode) for M51
because it has a high contribution in the B-field modes of this
galaxy.

We estimate that the mean pitch angle at FIR wave-
lengths is smaller than at radio wavelengths (Table 3), i.e.,

(JUETR|) < (|¥Radio]) This result indicates that radio spiral
B-fields are more open than FIR spiral B-fields in our sam-
ple. In addition, the FIR wavelengths have pitch angles with
a larger angular dispersion, +24°, than at radio wavelengths,
+8°. This result shows that radio spiral B-fields are more
ordered than FIR spiral B-fields.
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a function of the galactocentric radius with the middle solid line corresponding to the mean values and the width of the line corresponding to
+10 (Left). Note that for M51, we have included £/, which is the angle associated with the m = 0 mode. The center panel shows the relative
amplitude of each mode as a function of distance from the galactic center at FIR wavelengths with the width of each band corresponding to
the value of the mode’s relative amplitude. Additionally, on the top of each band for each mode are error bars, showing +10. The right panel
shows the same but at radio wavelengths.
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Figure 5. As in Figure 4 with NGC 3627, NGC 4736, and NGC 6946.

At radio (6 cm) wavelengths, we estimate that W§adi© jn- and is wrapped tigher for negative magnetic pitch angles. It
creases as the galaxy radius increases for M51, NGC 3627, is interesting to note the drastic change of the pitch angle
while Witadio decreases for M83, NGC 4726, and NGC 6946. from —30° to —10° at a projected radial distance of ~ 2.5
This result is consistent with the literature (Beck et al. 2019; kpc in M83 (Figure 4). At ~ 2.5 kpc, the pitch angle varies
Borlaff et al. 2023) and implies that WR24i® opens up toward in the interface between the bar region and the spiral arms as

the outskirts of the disk for positive magnetic pitch angles
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Figure 6. Mean relative amplitudes of the B-field modes of a com-

posited spiral galaxy. FIR (red) and radio (blue) relative amplitudes

for modes —3 < m < 3 are shown. The B-field pattern associated

with each mode is shown at the top.

Table 2. Mean relative amplitudes of
a spiral galaxy. Columns, from left to
right: (a) Mode. (b) FIR relative ampli-
tude. (c) Radio relative amplitude. The
errors represent the standard deviation
of the pitch angle profile, not the uncer-
tainties of the average value.

Mode  (|BEIR|)  (|BRadio|)

3 0.134+0.03 0.11 +£0.02
2 0.194+0.05 0.37+0.05
1 0.14 +0.03 0.124+0.03
0 0.174+0.04 0.14 +0.03

-1 0.12£0.03 0.08£0.02
2 0.11£0.03 0.10£0.03
-3 0.10£0.03 0.07£0.02

determined from the velocity fields of gas tracers (i.e., HII,
CO) and stellar dynamics (Kenney & Lord 1991).

At FIR (154 ym) wavelengths, WET™® shows many varia-
tions as a function of the galactrocentric radius, although in
all cases except NGC 6946 there is a large-scale spiral or-
dered B-field evident in the FIR polarization. We find that
at certain radii (e.g. 2.5 — 3.5 kpc) in NGC 6946 the FIR
B-field has similar pitch angles to those measured at radio
wavelengths (Fig. 5). However, the angular dispersion of
NGC 6946 is large, +41°, across the disk when compared to
the radio B-fields, =5° (Table 3).

4. DISCUSSION

4.1. Galactic dynamo

We quantified the large-scale ordered B-fields in the disk of
galaxies as a linear combination of axisymmetric modes. We
found that B-fields with m = 2 (spiral pattern) modes dom-
inate at radio wavelengths, while m = 2 and m = 0 (con-
stant) modes have similar contributions at FIR wavelengths.
The FIR data show a larger relative contribution from higher
modes than the radio wavelengths. We discuss these mea-
surements in the context of galactic dynamo theory.

Turbulent dynamo theory explains the measured B-fields
as a combination of fluctuation (or small-scale) dynamos
and mean-field (or large-scale) dynamos (Subramanian 1998;
Brandenburg & Subramanian 2005; Shukurov & Subrama-
nian 2021). In this picture, the large-scale B-fields are gen-
erated by differential rotation of the galaxy disk and turbu-
lent helical motions. The turbulent B-fields are generated by
turbulent gas motions at scales < 50 — 100 pc scales of en-
ergy injection by supernova explosions and stellar feedback
(Ruzmaikin et al. 1988; Brandenburg & Subramanian 2005;
Haverkorn et al. 2008). Present-day FIR and radio polarimet-
ric observations (Beck et al. 2019; Lopez-Rodriguez et al.
2022b) with spatial resolutions of > 100 pc cannot resolve
the turbulent B-fields in galaxies. The measured B-fields
are dominated by the large-scale B-fields, although angular
fluctuations of polarimetric properties across the disk can be
estimated and compared to expectations for sub-beam-scale
physics like star formation, shear, and shocks.

The total B-field can be described as the sum of a regu-
lar (or coherent) component and a random component (e.g.,
Haverkorn 2015; Beck et al. 2019). A well-defined B-field
direction within the beam size of the observations is de-
scribed as a regular B-field. The random B-field component
may have spatial reversals within the beam of the observa-
tions, which can be isotropic or anisotropic. The directions
of the isotropic random B-fields have the same dispersion
in all spatial dimensions. An anisotropic random B-field
has a well-defined average orientation in addition to sub-
beam-scale reversals. Observationally, the combination of
anisotropic and regular B-fields is known as ordered B-fields.
Polarized radio synchrotron emission traces the ordered (reg-
ular and anisotropic random) B-fields in the plane of the sky,
which depends on the strength and geometry of the B-fields,
and the cosmic ray electron density. Regular B-fields can
only be traced using Faraday rotation measures, which are
sensitive to the direction of the B-field along the LOS. Polar-
ized FIR dust emission is sensitive to the density-weighted
line-of-sight average of the plane-of-sky B-field orientation,
in addition to dust properties like column density and tem-
perature. In this work, we have measured and quantified the
large-scale ordered B-fields in spiral galaxies traced by both
FIR and radio polarimetry.

As mentioned in Section 1, linear models of the mean-field
dynamo decomposed the regular B-fields in Fourier series in
the azimuthal angle. For the galaxies and wavelengths in our
sample, this approach finds that the disk of M51 is domi-
nated by mgq = 0 and mq = 2 with a relative amplitude of



10 SURGENT, LOPEZ-RODRIGUEZ, & CLARK

Table 3. Mean magnetic pitch angle per galaxy and wavelength from this work vs. literature. Columns, from left to right:
(a) Galaxy name. (b) FIR magnetic pitch angle. (c) Radio magnetic pitch angle. (d) Range of radio magnetic pitch angle.
(e) Radio magnetic pitch angles of the ordered B-fields from the literature. (f) Range of radio magnetic pitch angles of the
ordered B-fields from the literature. (g) References of (d, e). In this table, the errors represent the standard deviation of the
pitch angle profile, not the uncertainties of the average value.

Galaxy <\I/§IR> (xyg"adi% pRadio (poR’adic’) phadio References
) ®) ®)

(@) (b) © (d G (H €]
M51 25+ 17 28+ 5 [16 — 34] 2242 [19 — 27] Fletcher et al. (2011)
M83 —41+£17 —-29+8 —[12 — 36] —-30+£3 —[23 — 35] Beck et al. (2019)
NGC 3627 4+ 17 49+ 8 [41 — 51] 37+8 [16 — 68] Soida et al. (2001)
NGC4736 —-214+6 —-30+3 —[24—-32] —-35+5 - Chyzy & Buta (2008)
NGC 6946 6+41 —-17+5 —[8—25] —27+2 [30 — 32]  Ehle & Beck (1993); Beck et al. (2019)
(|Ws)) 21+24  29+38 - 30+7 -

0.72 £ 0.06 (Fletcher et al. 2011). The halo is dominated by
mq = 1 and also has mq = 2 with a relative amplitude of
0.30 £ 0.09. M83 is dominated by mq = 1 and has mq = 0
with a relative amplitude of 0.43 4 0.3 (Beck et al. 2019).
NGC 6946 has similar contributions of mq = 0 and mgq = 2
(Ehle & Beck 1993; Rohde et al. 1999). The rotation mea-
sures of NGC 3627 did not show distinguishable patterns,
which was attributed to Faraday rotation from an extended
hot, low-density ionized magnetized halo (Soida et al. 2001).

Table 3 shows a comparison of the magnetic pitch angles
between our measurements, Wy, and the literature, p,. We
show the mean and ranges of the ordered B-field pitch angles
estimated using the B-field orientations from radio polari-
metric observations obtained from the literature. The range
of p, in some of the galaxies shows the minimum and maxi-
mum values of the literature magnetic pitch angles within the
galactocentric radii used in our analysis. We see that p, is
similar to our measured (WR2di®) They are not equal mainly
because p, is affected by several B-field modes. Even though
the high-SNR FIR measurements are not well-sampled in the
inter-arm regions (Figure 3), the mean magnetic pitch angles
across the disk at radio wavelengths are similar using both
methods, (WRadio) = 29 4 8° vs. (p,) = 30 & 7°. This re-
sult implies that the mean radio B-fields across the disk may
be dominated by the large-scale ordered B-field in the inter-
arms, where the arms may be larger affected by the contribu-
tions from star formation activity.

Galactic dynamo models provide the azimuthal wave num-
ber, mq, and their associated pitch angles for the disk B-
field and the helical B-field. Because the large-scale regu-
lar B-field is modeled as a linear combination of logarithmic
spiral modes, all dynamo modes are equal to our m = 2
(spiral B-field). Although m = 2 is dominant, our method
shows that the measured B-field is a combination of several
B-field patterns (Figure 6). These modes (and the combi-

nation of them) can be interpreted as non-axisymmetric or-
dered B-fields showing deviations from the large-scale spi-
ral ordered B-fields, perhaps due to particular physics (e.g.,
star-forming regions, shearing, compression, and/or shocks)
across the disk. We note that the rotation measure distribu-
tion across a galaxy can also be used to measure pitch angles
and B-field direction, providing complementary information
(Beck et al. 2019).

4.2. Comparison with geometrical models

The B-field morphologies in galaxies have also been quan-
tified using pure geometrical models. We describe these
methods and discuss their advantages and caveats.

Axisymmetric B-fields: This approach estimates the pixel-
by-pixel pitch angles across the galaxy disk. The measured
B-field orientations are reprojected and tilted to obtain a face-
on view of the galaxy, and an azimuthal template is sub-
tracted from the data. The radial pitch angles are estimated as
the mean of the pitch angles at a given annulus. This method
was developed by Borlaff et al. (2021) and applied to the
same M51 observations presented here. The advantages of
this method are that a) the pitch angles on a pixel-to-pixel
basis can be estimated, and b) the pitch angles are estimated
without prior assumptions about the morphology of the B-
field pattern. The pixel-by-pixel map can be used to estimate
the means of the magnetic pitch angles from specific areas
of the disk, like spiral arms or inter-arm regions, by applying
user-defined masks (Borlaff et al. 2021). The disadvantage is
that the angular offsets between the measured B-field orien-
tations and the azimuthal profiles are assumed to be the mag-
netic pitch angles. The B-field modes cannot be estimated.

Three-dimensional axisymmetric spiral B-fields: This ap-
proach uses a three-dimensional regular B-field model with
an axisymmetric spiral B-field configuration. This B-field
model is a mode of a galactic dynamo with a symmetric spi-
ral pattern in the galactic midplane with a helical component.
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This method has been used in the FIR polarimetric observa-
tions of Centaurus A (Lopez-Rodriguez 2021), radio polari-
metric observations of other galaxies (Braun et al. 2010), and
in our Galaxy (Ruiz-Granados et al. 2010). The advantages
of this method are that the three-dimensional B-field com-
ponent, and the pixel-by-pixel pitch angles across the disk
can be obtained. The disadvantages are that a parametric
B-field model has to be assumed, and the best-fit B-field is
not unique due to the large number of free parameters and
the ambiguity of the three-dimensional information of the
B-fields from observations (e.g., Braun et al. 2010; Ruiz-
Granados et al. 2010). In addition, the B-field modes cannot
be estimated.

M51

90
601
304

—30-4
—60
_90_
—1201
—150

Angle (°)

W, Borlaff FIR sl Wi FIR
W; Borlaff Radio W, Radio

2 4 6
Radius (kpc)
Figure 7. Comparison of magnetic pitch angles measurements, Wo,

between methods at FIR and radio wavelengths. Our method and
the pitch angles by Borlaff et al. (2021) are shown.

The aforementioned models provide the magnetic pitch an-
gle from the measured B-field orientations. Note that our es-
timated W, is the intrinsic magnetic pitch angle associated
with a purely spiral axisymmetric B-field. Figure 7 shows
a comparison of the measured magnetic pitch angles using
MOHAWC by Borlaff et al. (2021) and our pitch angle, ¥,
for M51. Borlaff et al. (2021) showed that the radio and FIR
polarimetric observations do not necessarily trace the same
B-field component. This result is clearly detected at galac-
trocentric distances of > 5 kpc in Borlaff et al. (2021), but
only if the spiral arms are analyzed separately from the in-
terarm regions. These authors used a mask to separate the
arm and interarm regions based on the total integrated emis-
sion (i.e., moment 0) of HI. Using the method presented here,
the measured FIR and radio magnetic pitch angles are iden-
tical when the full disk was analyzed at once (Borlaff et al.
2021, Fig. 7). Our new method obtains the same result — a
difference in the FIR and radio pitch angles at large radius
— but without the need to mask the data to separate physical
components of the disk. Figure 7 emphasizes the potential of
our method to characterize B-field morphologies in the multi-
phase ISM using a model-independent approach that does not
require masking to separate different galactic components.

4.3. Broader applications

The method presented here is adapted from Palumbo et al.
(2020). The polarimetric linear decomposition has been ap-
plied to the B-field orientation generated by magnetohydro-
dynamic accretion disk simulations and proposed as a model-
independent approach to measuring the accretion state of the
MB&87 black hole observed with the EHT (see also Event Hori-
zon Telescope Collaboration et al. 2021a,b; Emami et al.
2022). While we adapted this decomposition and applied it
to the B-fields of spiral galaxies, our method can also be ap-
plied to any vector field where a circle or ellipse is a geom-
etry of particular interest. Apart from galaxies, this method
could also be adapted to other ISM morphologies, such as
supernova remnants or wind-blown bubbles in star-forming
regions (e.g., Tahani et al. 2022), or radio synchrotron loops
(e.g., Vidal et al. 2015).

One straightforward extension of the method presented
here would be to quantify the morphology of galaxy struc-
ture observed via the total intensity distribution at different
wavelengths. One very simple approach to perform this anal-
ysis would be to compute the spatial gradient of the emission
in order to encode morphological information as a vector
field. One could then apply this method directly and com-
pare the results to the magnetic field structure. Similarly, one
could quantify the intensity morphology using the Hessian,
which measures local curvature in the image plane and thus
has been widely used for measuring the orientations of fila-
mentary structures in astrophysical observations (e.g., Planck
Collaboration et al. 2016a).

Using this approach to compare galaxy structure to galaxy
magnetic field structure opens up intriguing possibilities
for morphological insights beyond pitch angle comparisons.
Here we can draw further upon analogies to the £/ B decom-
position of the polarization field that is frequently used to
characterize CMB polarization and has recently been widely
applied to Galactic emission of diverse physical origins (e.g.
Clark et al. 2015; Krachmalnicoff et al. 2018; Planck Collab-
oration et al. 2016b, 2020). The correlation between the to-
tal intensity and E- or B-mode polarization field in Galactic
dust emission is related to the degree of alignment or mis-
alignment of filamentary density structures and the magnetic
field (Huffenberger et al. 2020; Clark et al. 2021; Cukierman
et al. 2022). Similar correlations could be computed between
various modes of magnetic structure and various tracers of
galactic emission structure.

5. CONCLUSIONS

We have adapted and successfully applied a new model-
independent B-field decomposition approach to measure the
large-scale ordered B-field orientations associated with five
spiral galaxies using FIR and radio polarimetric observations.
With radio (6 cm) measurements, we found that the B-fields
of spiral galaxies were mainly composed of m = 2 with ad-
ditional but subdominant contributions from m = 0, m = 1,
and m = 3. With FIR (154 pm) measurements, the most
dominant modes were m = 2 and m = 0 with smaller rela-
tive contributions from m = 1 and m = 3. At both radio and
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FIR wavelengths, the overall contribution of | 3,,,<¢| was less out toward the outskirts of the galaxy. With FIR wavelengths
than |B,,>0]- NGC 6946 is the extreme case in our sample. we found greater angular dispersion than with radio wave-
In this galaxy, radio measurements still showed m = 2 to lengths, indicating that FIR spiral B-fields are less ordered
be dominant, with the rest of the modes contributing roughly than radio spiral B-fields.
the same to the overall B-field orientation. By contrast, in the
FIR, no particular mode dominates the B-field structure. Based on observations made with the NASA/DLR Strato-

We also found that the mean pitch angle of these galaxies spheric Observatory for Infrared Astronomy (SOFIA) under
is smaller in the FIR data than in the radio, i.e. (|¥5™[) < the 08_0012 Program. SOFIA is jointly operated by the Uni-
<|‘I/2Rad10|>- If this trend holds, the implication is that radio versities Space Research Association, Inc. (USRA), under
spiral B-fields are more open than FIR spiral B-fields. Over- NASA contract NNA17BF53C, and the Deutsches SOFIA
all, we find that W5 increases with increasing radius at radio Institut (DSI) under DLR contract 50 OK 0901 to the Uni-
wavelengths, meaning that the magnetic field structure opens versity of Stuttgart.

APPENDIX

A. AMPLITUDES OF HIGH ORDER MODES

We estimate the statistical significance of the B-field modes to select the range of modes to be used in this work. We compute

the absolute values of the amplitudes, |3,,|, in the m = [—17, 17] range using the same methodology as described in Section 2.2.
The statistical significance of |3,,| is estimated as

Bl = {|Bjm|>10)
|| = 2100 (AD)
J‘ﬁ|m|>10‘
where (|3}~ 10) is the median of |B,,| for |m| > 10, and 0|5, _,,| is the standard deviation of |f,,| for |m| > 10. Figure 8
shows o, .| for each mode for the five galaxies studied in this work.
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Figure 8. Statistical significance of |3,,| per B-field mode for each galaxy. Each panel shows the o|g, .| at FIR (top) and radio (bottom) for
each mode with their errorbars estimated as the propagated statistical errors of the full galaxy. The £, Bm|>10] (red shadowed region) and the
30 Blm|>10] (black solid line) are shown. For reference, the m = 2 (black dashed line) and the m = [—3, 3] (grey shadowed region) are shown.

The |m| > 10 was selected because the absolute values of these high modes reach a constant level of power. This constant
power level indicates that the observations are not sensitive to these high modes. We use the median of the absolute amplitudes
in |m| > 10, i.e., {|Bjm|>10[), as the minimum power that the observations are sensitive to. We use the variations of the absolute
amplitudes in [m| > 10, i.e., 0| Blm|>10]> a8 the measurement of the power sensitivity of our approach. Thus, we can estimate the
statistical significance of the modes above a certain level, i.e., 0|g,,|. Figure 8 shows that the low modes, m = [—3, 3], are the
most significant, o5, | > 305, _,,|- Our observations seems to not be sensitive to high modes, [m| > 3, mainly because the

complexity of the B-field morphology is at smaller scales than the resolution of the observations. Thus, we use m = [—3, 3| for
our study (Section 3.2.1).
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Note that m = 2 (spiral B-field) is the most prominent B-field mode for most of the galaxies in the FIR and all galaxies in
the radio. For M 83 and NGC 6946 in the FIR, the absolute amplitudes have large uncertainties indicating that there is not a
clear large-scale ordered B-field on these two galaxies. For NGC 6946, this result is clearly observed in the B-field orientation
maps (Fig. 3). For M 83, this result seems at odds with the B-field orientation maps. However, note that we are estimating the
amplitudes for the full disk. Figure 4 shows that the spiral arm dominates at < 4 kpc and a more complex B-field morphology

is present at 7 > 4 kpc.

Facilities: SOFIA (HAWC+), VLA

Software: APLPY (Robitaille & Bressert 2012; Robitaille 2019), ASTROPY (Astropy Collaboration et al. 2022), PANDAS
(pandas development team 2020), MATPLOTLIB (Hunter 2007), SCIPY (Virtanen et al. 2020)
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