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Abstract

The structure of magnetic fields in galaxies remains poorly constrained, despite the importance of magnetism in the
evolution of galaxies. Radio synchrotron and far-infrared (FIR) polarization and polarimetric observations are the best
methods to measure galactic scale properties of magnetic fields in galaxies beyond the Milky Way. We use synthetic
polarimetric observations of a simulated galaxy to identify and quantify the regions, scales, and interstellar medium
(ISM) phases probed at FIR and radio wavelengths. Our studied suite of magnetohydrodynamical cosmological zoom-in
simulations features high-resolutions (10 pc full-cell size) and multiple magnetization models. Our synthetic
observations have a striking resemblance to those of observed galaxies. We find that the total and polarized radio
emission extends to approximately double the altitude above the galactic disk (half-intensity disk thickness of
hI radio∼ hPI radio= 0.23± 0.03 kpc) relative to the total FIR and polarized emission that are concentrated in the disk
midplane (hI FIR∼ hPI FIR= 0.11± 0.01 kpc). Radio emission traces magnetic fields at scales of 300 pc, whereas FIR
emission probes magnetic fields at the smallest scales of our simulations. These scales are comparable to our spatial
resolution and well below the spatial resolution (<300 pc) of existing FIR polarimetric measurements. Finally, we
confirm that synchrotron emission traces a combination of the warm neutral and cold neutral gas phases, whereas FIR
emission follows the densest gas in the cold neutral phase in the simulation. These results are independent of the ISM
magnetic field strength. The complementarity we measure between radio and FIR wavelengths motivates future
multiwavelength polarimetric observations to advance our knowledge of extragalactic magnetism.

Unified Astronomy Thesaurus concepts: Extragalactic magnetic fields (507); Astrophysical magnetism (102); Dust
continuum emission (412); Radio continuum emission (1340); Spiral galaxies (1560); Disk galaxies (391);
Astronomical simulations (1857); Magnetohydrodynamical simulations (1966); Galaxy formation (595); Galaxy
evolution (594)

1. Introduction

Magnetic fields are a fundamental constituent of the
interstellar medium (ISM) for every galaxy in our Universe.

Theoretical and observational studies predict that the magnetic
energy budget is comparable to that of the thermal and
turbulent components in the ISM (Beck 2007; Bernet et al.
2008; Mao et al. 2017; Pakmor et al. 2017; Martin-Alvarez
et al. 2020; Lopez-Rodriguez et al. 2021; Geach et al. 2023;
Lopez-Rodriguez 2023), and dominates over the thermal
component in cold molecular clouds (Crutcher 1999). Magnetic
fields impact the ISM, due to their significant strengths, with
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typical values in the ∼3–7 μG range for the large-scale ordered
component and are typically on the order of ∼17 μG for the
total field strength (Fletcher 2010; Beck et al. 2019). Some of
their effects are the co-regulation of star formation (McKee &
Ostriker 2007), modifying the gas distribution across ISM
phases (Iffrig & Hennebelle 2017; Hennebelle & Inutsuka
2019), the fragmentation of gas (Inoue & Yoshida 2019), and
influencing the formation of molecular clouds (Inoue et al.
2018; Tahani et al. 2022, 2022). Their effects expand beyond
small galactic scales, as magnetic fields are likely to modify
gas mixing in halos and outflows (Cottle et al. 2020;
Lopez-Rodriguez et al. 2021; Van De Voort et al. 2021; Buie
et al. 2022; Lopez-Rodriguez 2023), general properties of
galaxies (Pillepich et al. 2018; Martin-Alvarez et al. 2020), and
even be non-negligible during galaxy hierarchical growth
(Whittingham et al. 2021). One of the few galaxy parameters
that appear to not be directly affected by the predicted magnetic
fields of ∼μG are galaxy stellar masses (Su et al. 2017; Martin-
Alvarez et al. 2020), except for dwarf galaxies, where the
effects of magnetic fields are still not fully understood (Martin-
Alvarez et al. 2023; Whitworth et al. 2023; Sanati et al. 2024).

Observations of magnetic fields are required to characterize
and constrain their properties and their relationship to ISM
structure. Mapping magnetic fields in galaxies beyond the
Milky Way is mostly limited to polarimetric observations in the
FIR and at radio wavelengths. Radio emission is generated by a
combination of thermal and synchrotron emission. Below
10 GHz, the synchrotron dominates the total observed and
polarized emission. This synchrotron emission is generated by
energetic particles in the form of cosmic rays (CRs) spiraling
along magnetic field lines. The radiation emitted by these
particles traces the orientation of the field perpendicular to the
line of sight (LOS). The synchrotron emission is frequently
observed to be widespread over the surface of galaxy disks and
extends to high altitudes above their midplanes (e.g., Beck &
Wielebinski 2013;20 Krause et al. 2020). Consequently, it has
the potential to probe the distribution of magnetic fields at
larger scales than the FIR emission, as well as the number
density of CR electrons responsible for the majority of the
observed radio emission (Sun et al. 2008).

Polarized thermal emission at FIR wavelengths arises from
magnetically aligned dust grains (e.g., Purcell 1979; Hoang &
Lazarian 2016) and traces dust content in a density-weighted
manner along the LOS (Seifried et al. 2019). FIR (53–214 μm)
polarimetric observations were possible using the imaging
polarimetric mode with the High-resolution Airborne Wideband
Camera-Plus (HAWC+) on board the Stratospheric Observatory
For Infrared Astronomy (SOFIA). Using HAWC+/SOFIA and
archival radio polarimetric observations, the Survey of extra-
gALactic magnetiSm with SOFIA (SALSA SOFIA Legacy
Program; PI: E. Lopez-Rodriguez and S.A. Mao; Lopez-
Rodriguez et al. 2022) has enabled for the first time a combined
analysis of extragalactic magnetic fields in the multiphase ISM
of nearby galaxies. These observations have shown that the
FIR polarized emission can be associated with dense,
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, and cold, Tdä [20, 50]K, regions
of the ISM (Lopez-Rodriguez et al. 2022). Furthermore, the
angular variations of the plane-of-the-sky magnetic field
orientations inferred from FIR observations are larger than those
measured by the radio magnetic fields (Borlaff et al. 2023).

Surgent et al. (2023) showed that the FIR magnetic field
orientations are 7%–25% more disordered than those from the
magnetic fields inferred from the radio emission. Note that these
variations are at the scales of the angular resolution of the
observations, typically 300–500 pc. These results indicate that
the large-scale ordered FIR magnetic fields are sensitive to
physical structures (e.g., star-forming regions, molecular clouds)
below the angular resolution of the observations. These works
illustrate the remarkable potential for the combination of radio
and FIR observations. However, a precise understanding of their
complementarity requires a quantitative framework associating
specific observables with the underlying physical quantities. For
example, estimating the scale depth probed by each type of
emission, unambiguously determining depolarization mechan-
isms at play, and segregating each wavelength range by ISM
phase, if possible. Such quantitative relations are best studied
through theoretical methods capable of predicting specific
observables from intrinsic physical quantities. Taking a first
step into establishing such a framework is precisely the objective
of this work.
In this context, magnetohydrodynamical (MHD) simulations

of galaxy formation emerge as a powerful method to unravel
the complexity of magnetic fields and their connection with
galaxy properties and observables. During the last decade,
multiple MHD high-resolution studies have been able to
simulate realistic galaxies with magnetic properties in broad
agreement with those inferred by global properties of observed
galaxies (e.g., Dubois & Teyssier 2010; Pakmor et al. 2017;
Hopkins et al. 2020; Martin-Alvarez et al. 2021, 2023). These
simulations have been able to capture both the turbulent and
large-scale dynamo amplification processes. The turbulent
dynamo is believed to bridge the gap separating the μG
observed in galaxies from the extremely weak magnetic fields
at the beginning of the universe (e.g., Su et al. 2017; Martin-
Alvarez et al. 2021; Kriel et al. 2023; Gent et al. 2024; Pakmor
et al. 2024). The large-scale dynamo reorganizes a magnetic
field on galactic scales and may be responsible for the
kiloparsec-scale ordered spiral magnetic fields observed at
radio and FIR wavelengths (Beck & Wielebinski 2013; Lopez-
Rodriguez et al. 2022). Some detailed reviews regarding the
origin and amplification of magnetic fields in galaxies can be
found in Widrow (2002), Brandenburg & Subramanian (2005),
and Shukurov & Subramanian (2021). In addition to exploring
the role of magnetization on the evolution of galaxies
(Steinwandel et al. 2019; Buck et al. 2020; Martin-Alvarez
et al. 2020), MHD simulations can be employed to gain a more
detailed understanding of observables (i.e., the orientation and
fraction of the measured polarization at different wavelength
regimes) related to magnetic fields' structure and strength (e.g.,
Pakmor et al. 2018; Reissl et al. 2019; Werhahn et al.
2021a, 2021b, 2021c; Pfrommer et al. 2022; Ponnada et al.
2022; Rodríguez Montero et al. 2022; Jung et al. 2023; Martin-
Alvarez et al. 2023; Ponnada et al. 2024b). By generating
synthetic observations that mimic those performed by tele-
scopes, MHD simulations are a promising avenue to establish
direct and quantitative relations between the observables and
the underlying physical properties of magnetic fields across
various wavelength regimes. This work can guide the
interpretation of current and future observational data.
In this work, we bring together MHD simulations of galaxy

formation and polarimetric observations of galaxies by
generating synthetic polarimetric observations at FIR and radio

20 The latest revision (currently 2023 September) is available at: https://arxiv.
org/abs/1302.5663
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wavelengths. We measure the galactic scales associated with
each type of emission, determine the interrelation of magnetic
fields with the different phases in the ISM, determine the
regions responsible for the observed polarized intensities, and
quantify the galactic depths probed by each frequency.

This study is structured as follows: the high-resolution MHD
simulations are presented in Section 2. The methods employed
to generate our synthetic observations are described in
Section 3. Section 3.1 describes our synthetic FIR observations,
and Section 3.2 focuses on the synthetic radio observations. We
analyze our results in Section 4 and summarize our work in
Section 5.

2. Numerical Methods

2.1. The RAMSES Code

The numerical simulations explored in this work were
presented in Martin-Alvarez et al. (2020) and Martin-Alvarez
et al. (2021), and further extended down to redshift
zredshift= 0.95 in this work. The MHD simulations have been
generated with our own modified version of the public code
RAMSES (Teyssier 2002). To solve the evolution of the
baryonic and dark matter components, RAMSES couples an
Eulerian treatment of the gas with the use of stellar and dark
matter particles. All these components are coupled through the
RAMSES gravity solver. The MHD evolution of the gas fluid is
solved on a discretized grid using an adaptive mesh refinement
(AMR) octree. Crucial to this work, the MHD solver in
RAMSES employs a constrained transport (CT) treatment of the
magnetic field (Fromang et al. 2006; Teyssier et al. 2006). The
CT method ensures that the solenoidal constraint is satisfied
(∇ ·B= 0) down to numerical precision (e.g., for cosmologi-
cal galaxy formation simulations, Martin-Alvarez et al.
2018, 2020). The fulfillment of this constraint is required to
avoid spurious artifacts in the MHD evolution as well as for the
preservation of conserved quantities, which is not guaranteed
for alternative methods such as divergence cleaning (Tóth 2000;
Balsara & Kim 2004). Such unreliable behavior is apparent
both for simple and complex configurations (see, e.g.,
Hopkins 2016), particularly for Powell divergence cleaning
techniques (Powell et al. 1999). The finite discretization of the
simulated domain introduces resistivity in our MHD solver
(Teyssier et al. 2006). Since we set the physical magnetic
diffusivity to η= 0, any magnetic diffusive effects in our
models are purely numerical.

2.2. Initial Conditions

Our MHD high-resolution cosmological simulations study
the so-called Nut galaxy (previously studied in, e.g., Martin-
Alvarez et al. 2018, 2020). The Nut galaxy is a Milky Way–like
spiral system forming in the center of an approximately
spherical zoom region, generated using the initial conditions
(ICs) originally presented by Powell et al. (2011). The
formation and evolution of the simulated galaxy have been
studied in detail through the years to understand, e.g., its
satellite population (Geen et al. 2013), angular momentum
evolution (Tillson et al. 2015), hierarchical growth and star
formation (Kimm et al. 2017), and the influence of CRs on its
evolution (Rodríguez Montero et al. 2023).

The Nut galaxy is simulated in a cubic box with 12.5
comoving Mpc (cMpc) per side, with a spherical zoom region
at its center that extends approximately 4.5 cMpc across. We

employ a mass resolution for the dark matter (mDM) and stellar
components (m*) of mDM; 5× 104Me and m*; 5× 103Me,
respectively. Our simulations allow spatial refinement of the
octree grid down to a minimum physical cell size of
approximately ∼10 pc (equivalent to∼5–6 pc radius for a
particle-like treatment). At this resolution, Nut shows turbulent
dynamo amplification (Martin-Alvarez et al. 2018), and
displays turbulent properties similar (albeit not converged) to
those found when using a uniform grid refinement of the galaxy
(Martin-Alvarez et al. 2022). Within the resolved zoomed-in
region, the Nut galaxy is the most massive system and is
approximately located in the center of the region. The disk
galaxy resides in a dark matter halo with virial mass
Mvir(zredshift= 0); 5× 1011Me. All our simulations are gen-
erated according to the Wilkinson Microwave Anisotropy
Probe 5 yr release cosmology (Dunkley et al. 2009). To provide
some contextual information about the setup, in Figure 1, we
show a large-scale view of the studied galaxy in its
cosmological environment with zoomed-in inset panels dis-
playing the optical (Sloan Digital Sky Survey (SDSS)-like) and
FIR+radio appearance of the system.

2.3. Galaxy Formation Physics

To reproduce the formation of a realistic galaxy, we include
various additional physical prescriptions, described in this
section.
We simulate metal-dependent gas cooling according to the

thermodynamic properties of each gas cell. For temperatures
above 104 K, we interpolate precalculated CLOUDY cooling
tables (Ferland et al. 1998). In order to generate a realistic ISM,
we also account for cooling below 104 K following Rosen &
Bregman (1995). Explicit modeling of gas cooling at low
temperatures is required for a self-consistent treatment of the
cold gas distribution within the ISM, and will be fundamental
to capture the small-scale structure that is responsible for the
FIR emission properties. We include a standard ultraviolet
(UV) background, activated at zredshift= 10 to replicate the
impact of reionization (Haardt & Madau 1996).
We model star formation through a magneto-thermo-

turbulent (MTT) star formation prescription21 presented in its
thermo-turbulent form by Kimm et al. (2017), Trebitsch et al.
(2017), and extended to its MHD form in Martin-Alvarez et al.
(2020). Star formation is allowed for cells at the highest level
of resolution (Rasera & Teyssier 2006), and only if the
gravitational force overcomes the total support provided by the
local turbulent, magnetic, and thermal pressures.
Cells allowed to form stars convert their gas content into

stellar particles following a standard Schmidt law
(Schmidt 1959),

( )r r
=

t
, 1star ff

ff


where ρ corresponds to the gas density, tff to the freefall time,
and òff to the star formation efficiency. Instead of a fixed
efficiency, òff is a local quantity defined for each cell and
depends on the MTT properties of the star-forming cell and its
close neighbors. The value of òff follows the model by Padoan
& Nordlund (2011), presented as multi-freefall PN in Federrath
& Klessen (2012). More details about our employed MTT star

21 Originally implemented in RAMSES by J. Devriendt
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formation are provided in Appendix B of Martin-Alvarez
et al. (2020).

All stellar particles in our simulation are allowed to generate
supernova (SN) events following the mechanical stellar
feedback prescription by Kimm & Cen (2014). Each SN
injects mass, momentum, and energy back to its hosting cell
and its immediate neighbors. To determine the number of SN
events for each stellar particle, we assume a Kroupa initial mass
function (Kroupa 2001), and for each explosion, we inject a
total specific energy of e = ~E M M10 erg 10SN SN SN

51 ,
with ESN and MSN the canonical SN explosion energy and
progenitor mass. Each SN event returns a fraction of the
progenitor mass h = 0.213SN to the ISM as baryonic gas, and a
fraction of ηmetals= 0.075 is assumed to be metal mass.

2.4. Magnetic Field Models and Simulation Suite

To quantify the influence of magnetization on the resulting
observational properties, we analyze various simulations of the
Nut galaxy, each with a different model for magnetization.
Some of our simulated galaxies are primarily magnetized by
ab initio magnetic fields, seeded uniformly at the beginning of

the simulations with comoving strength B0. Our models MB20,
MB12, MB11, and MB10 explore various degrees of magne-
tization: B0∼ 10−20, 10−12, 10−11, and 10−10 G, respectively.
All models feature B0 well below the current Planck upper limits
on the primordial magnetic field strength, < -B 100

Planck 9 G
(Planck Collaboration 2015). The MB20 and MB10models
provide us with two theoretical edge cases: the former
corresponds to negligible magnetization (i.e., magnetic fields
in the fully kinematic regime), whereas the latter represents an
extreme magnetization scenario. Importantly, MB10, in part-
icular, features extreme magnetizations that are disfavored by
reionization constraints (Katz et al. 2021) and galactic properties
(Martin-Alvarez et al. 2020). Some of our findings in this work
will further suggest a constraint of B0< 10−10 G. We also
investigate our MBinj model, where the magnetic fields in the
galaxy are seeded through magnetized SN feedback. This is
done by modifying the SN ejecta to also inject magnetic
energy ( ~E E0.01 ;inj SN Beck et al. 2013; Butsky et al. 2017;
Vazza et al. 2017). The injected magnetic fields are comparable
to those found in supernova remnants (SNRs), with strengths
of ∼10−5 G (e.g., Parizot et al. 2006) when the injection is
done at ∼10 pc scales. More details are provided in Appendix A

Figure 1. (Large panel) Color composite image of the large-scale view of the environment around the simulated Nut galaxy. The galaxy is located in the center of the
circles, which encompass the halo virial radius and the zoomed-in view in the inset panels. The colors correspond to dark matter density (gray), gas density (cyan), hot
gas temperature (orange), and stellar density (gold). (Zoomed-in inset panels) Zoom-in view of the galaxy, split into a combined view of the FIR (gold) and radio
(blue) emission, and an SDSS-like color composite of the [u, g, r] filters. We include white streamlines indicating the orientation of the magnetic field within the
projected plane.
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of Martin-Alvarez et al. (2021). Overall, the MB20, MB12,
MB11, and MB10models represent different degrees of
magnetization in galaxies, whereas the MBinj simulation
serves as an astrophysical, small-scale origin for the magnetic
field in the galaxy (Martin-Alvarez et al. 2021). The simulations
studied are summarized in Table 1, where we also provide the
resulting average magnetic field in the galaxy for each of the
models.

2.5. Galaxy Centering and Tomographic Slicing

Our tomographic analysis along the disk height coordinate
relies on accurate centering of the galaxy position and the
identification of the angular momentum direction. In order to
identify the studied galaxy, we compute the position and
characteristics of its dark matter halo using the HALOMAKER
code (Tweed et al. 2009), applied exclusively to the dark matter
component. We identify the system as its most massive
progenitor at zredshift= 10, and determine its center by
recursively applying a shrinking spheres algorithm (Power
et al. 2003) on the stellar component. From that redshift
onward, we reapply this algorithm on each subsequent
snapshot, initially repositioned to the updated center of mass
from the galaxy’s innermost 500 stellar particles in the previous
output. The perpendicular direction to the plane of the disk is
defined by the total angular momentum of the baryons of the
galaxy, measured within a region with radius r= 0.2 rvir, with
rvir the virial radius of the halo.

To investigate the scaling of intrinsic and observable
quantities in our simulations, we generate projections where
the LOS is aligned with the angular momentum of the galaxy
(i.e., perpendicular to the disk plane). These projections employ
the full AMR structure, are centered on the position of the
galaxy, and have a width of 30 kpc per physical side, with a
resolution of 30 pc pixel-side (for guidance, each projection
pixel has a width of approximately 3 cells at the finest level of
refinement). To investigate the variation of the multiple
physical parameters and observables studied as a function of
the disk height, we vary the total thickness of the projections
Δz, which span from −0.5Δz to 0.5Δz along the perpendicular
direction to the disk plane. We measure the quantities of
interest in a wide ring with inner radius =r 0.2 kpcmin and
outer radius =r 8 kpcmax to focus our investigation on the disk
of the galaxy.

3. Synthetic Observations and Telescope-like Observations:
Very Large Array and SOFIA

In this section, we describe our approach to generating synthetic
observations. For each wavelength, we compute the Stokes
parameters I, Q, and U, which are used to calculate the (linearly)
polarized intensity, PI, and polarization fraction, p, such as

( )= +PI Q U , 22 2

( )=p
PI

I
. 3

Throughout this work, we display in various images the
inferred plane-of-the-sky polarization through cyan quivers,
rotated by 90° to show the orientation of the plane-of-sky
magnetic field. For our full-resolution observations, the quivers
are sampled every 32 pixels, 2D Gaussian smoothed, and
averaged inside a radius of 16 pixels to represent the inferred
large-scale orientation of the magnetic field. While more
polarimetric information is available, this depiction is selected
for aesthetical reasons. In addition, we only display the
polarization for pixels with a distance from the image center
below 0.325 of the total image size (i.e., we only display
quivers within a circle around the center of the image). We do
not display quivers for pixels with a background value below
the total average of the background map of each image. We
also show these quivers in telescope-like resolution observa-
tions; the magnetic field orientation is displayed in the Nyquist
sampling (see Section 3.3). To provide comparable information
regarding the intrinsic magnetic field along the plane of the
image, we also include thin white streamlines always generated
with the full-resolution information of the magnetic field. In
this method, streamlines are calculated using the density-
weighted magnetic field for the entire column displayed along
the LOS.

3.1. FIR Observations

To obtain the total FIR and polarized emission, we employ a
geometric approximation to estimate the dust emission (Lee &
Draine 1985; Fiege & Pudritz 2000; Planck Collaboration et al.
2015; Chen et al. 2016; King et al. 2018; Lopez-Rodriguez
et al. 2020). The contributions to each of the Stokes parameters
from a given cell are described by
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Table 1
Summary of the Studied Simulations

Simulation Dxmin B0 Einj á ñBgal Further Details
(pc) (G) (G)

(1) (2) (3) (4) (5) (6)

MB12 10 3 × 10−12 ✗ 9 × 10−6 Regulated galactic magnetic field: intermediate magnetization
MB11 10 3 × 10−11 ✗ 3 × 10−5 Regulated galactic magnetic field: high magnetization
MBinj 10 3 × 10−20 0.01 ESN 3 × 10−5 Small-scale regulated magnetic field: SNR seeding

MB10 10 3 × 10−10 ✗ 2 × 10−4 Regulated galactic magnetic field: extreme magnetization
MB20 10 3 × 10−20 ✗ 3 × 10−11 Negligible magnetization (does not affect evolution)

Notes. Column (1): model ID. Column (2): highest resolution full-cell physical sizeDxmin. Column (3): comoving cosmic magnetic field strength B0. Column (4): SN
feedback magnetization. Column (5): mass-weighted magnetic field in a sphere containing the galaxy (r < 8 kpc). Column (6): additional details regarding the
scenario explored by each model.
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In these equations, dx corresponds to the size of the cell, ndust
is the dust number density, p0,FIR is the maximum polarization
fraction, and B is the magnetic field strength of the cell. We
decompose the magnetic field into its components perpend-
icular to the projection LOS Bx and By, with the total magnetic
field given by = + +B B B Bx y z

2 2 2 2. We set p0,FIR= 0.25,
according to the maximum polarization fraction observed by
Planck Collaboration et al. (2020). The total Stokes parameters
I, Q, and U are then computed as the integral of all the cells
along the LOS. By employing these equations, we assume that
dust properties and alignment remain unchanged at galactic
scales, and that the polarized intensity is mainly depolarized,
due to geometric depolarization along the LOS and within the
studied beam size. We will study the effects of more detailed
dust modeling in future work, through simulations accounting
for on-the-fly dust formation and evolution (Dubois et al.
2024). For each cell, we estimate the dust number density
following ( ) ( )r h= -n Z m f Tdust gas D M dust

1
cut , with ρgas the gas

density, Z the metallicity, ηD/M= 0.4 a constant dust-to-metal
ratio (Dwek 1998; Draine et al. 2007), a typical dust grain mass
mdust= 1.26× 10−14 g (with radius 0.1 μm and density
3 g/cm−3; Zubko et al. 2004), and T the gas temperature. We
set ( ) ( [ ( )])= -f T Tmin 1.0, exp 1 1500 Kcut , selected to
avoid a sharp cut at T= 1500 K. To illustrate the decline in
dust with temperature, fcut(T= 5× 103K)∼ 0.1 and
fcut(T= 8× 103K)∼ 0.01, we repeat our analysis with two
additional dust models in Appendix A: a no temperature cut
model (i.e., fcut= 1), and an ionization-based model (Laursen
et al. 2009). Both yield virtually unchanged results for the
quantities explored here, illustrating their independence from
the treatment for the proportion of dust in the low gas density
regime. Consequently, our employed geometric FIR modeling
is dominated by the spatial distribution of the gas density and
its metallicity rather than the gas temperature.

Integrating Equations (4)–(6) leads to geometric estimates of
the emitting FIR column, which will account for depolarization
effects, due to incoherent magnetic field orientation along the
LOS and within the beam size. Note that the final units of the
Stokes parameters are per square centimeter, which can be
converted to surface brightness after assuming a certain
wavelength dependence of the dust temperature per LOS.
Since this conversion is only a scaling factor, we decided to
work in units of surface column density.

3.2. Radio Observations

We generate our synthetic synchrotron observations for radio
frequencies using the POLARIS code (Reissl et al. 2019).
POLARIS is a radiative transfer OpenMP parallelized code
(Reissl et al. 2016) that solves Stokes vector propagation along
a given LOS through a Runge–Kutta solver for ray tracing.
This accounts for absorption effects as well as Faraday rotation
and depolarization, which may affect the polarized intensity in
the outskirts of dense regions. To prepare our simulations for
POLARIS, we preprocess them with our RAMSES2POLARIS
code. We generate a POLARIS-compatible octree grid, adap-
tively resolved with double the local AMR resolution of the

simulation to account for displacements between the two grids
and avoid aliasing. All native RAMSES quantities required by
POLARIS are interpolated into this grid, and any disk thickness
tomographic cuts are applied at this stage. While the limited
resolution of cosmological simulations does not capture the
small-scale structure of gas turbulence (Körtgen et al. 2017) or
the magnetic field, we provide POLARIS with the magnetic field
in the simulations without any modification, and do not apply
any additional modeling to capture the sub-grid magnetic
energy or magnetic field lines' substructure (e.g., Reissl et al.
2019).
To generate synthetic synchrotron observations, POLARIS

requires additional quantities not modeled by our simulations.
These are all related to the distribution of electrons in the ISM.
We compute the number density of the thermal electrons by
interpolating the gas number density according to Pellegrini
et al. (2020). Particularly important for the synchrotron
emission are the properties of CR electrons. Some simulations
explicitly model CR energy density during their evolution
(Hanasz et al. 2013; Dubois & Commercon 2016; Pfrommer
et al. 2017; Hopkins et al. 2022). This information can be used
in the generation of synthetic radio observations (e.g., Werhahn
et al. 2021a, 2021b; Pfrommer et al. 2022) or even employ on-
the-fly modeling of the CR electrons and their energy spectrum
(Ponnada et al. 2024b). As the simulations studied here do not
explicitly model a CR component, we employ instead a simple
post-processing static model based on that by Reissl et al.
(2019), which assumes a smooth distribution of CRs across the
galaxy. This model and its caveats are further discussed in
Appendix B, e.g., how this profile does not capture local effects
and variations of MHD properties. We assume their energy
spectrum to decrease with their increasing energy, following a
power law with a fixed index pCR. We set pCR= 2.3, motivated
by observations of late-type galaxies such as the system
simulated for this work (Lacki & Beck 2013). As done by
Reissl et al. (2019), we consider an energy range for the
spectrum bounded by Lorentz factor γ ä [4, 300], with
minimum Lorentz factor gmin according to Webber (1998).
The number density of electronic CRs nCR is set following the
CR1 model by Reissl et al. (2019), which assumes a Milky
Way–like disk galaxy and sets:
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where nCR,0= 1.74 × 10−4 e− cm−3 corresponds to the num-
ber density of CRs in the center of the Milky Way. This model
is designed to match the observed number density of CR e− in
the solar neighborhood (Sun et al. 2008). We select
RCR,e= 8 kpc and hCR,e= 1 kpc to adjust to the studied galaxy
dimensions (estimated through an approach similar to that by
Martin-Alvarez et al. 2020). In Appendix B, we study how
variations of the employed e− CR model influence our results,
illustrating the resilience of this work in reaching the main
conclusions of such modeling.
We generate synthetic observations using our modified

version of POLARIS.22 While POLARIS calculations employ the

22 The modifications correspond to some minor revisions of the synchrotron
module, made available on 2023 July 31 in the POLARIS public repository
https://github.com/polaris-MCRT/POLARIS. The public website for
POLARIS is https://portia.astrophysik.uni-kiel.de/polaris/.
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full expression for the contributed intensities per cell and their
subsequent propagation, we note that the variations of the
synchrotron emission between different regions are mostly
governed by their different nCR and B following

( ) ( )g gµ ^

+

I n B dx f p , , , 8i,radio CR CR min max

pCR 1
2

where B⊥ is the local magnetic field strength perpendicular to the
LOS, and ( )g g lf p , , ,CR min max encompasses all the factors in
Ii,radio that only depend on these four quantities, assumed constant
by our calculations. The total Stokes parameters I, Q, and U are
the integral of all the cells along the LOS, accounting for the
propagation of the Stokes vector through the medium of the
galaxy and its circumgalactic medium. Details regarding the
radiative transfer solver for synchrotron emission used
by POLARIS, the exact contribution from each cell to the
Stokes parameters, and the complete computation process are
provided by Reissl et al. (2016, 2019). The λ= 6.2 cm
wavelength (∼4.8 GHz) strikes an optimal balance of a
frequently employed wavelength and the highest signal-to-noise
ratio for the observed galaxies at both radio and FIR wavelengths
(Lopez-Rodriguez et al. 2022; Borlaff et al. 2023; Surgent et al.
2023). Consequently, we limit our investigation to synchrotron
emission at this wavelength (i.e., 6.2 cm).

3.3. Telescope-like Observations

To study telescope-like observations, we imitate the
configurations of the SALSA survey (Lopez-Rodriguez et al.
2022) for the FIR, and the combined Very Large Array (VLA)
and Effelsberg telescopes for the radio synchrotron observa-
tions (Beck & Wielebinski 2013; Beck et al. 2020). A benefit
of this combination of telescopes is their comparable angular
resolutions (∼13″). Our telescope-like observations account for
three effects: (i) the distance to the observed system, (ii) the
point-spread function (PSF) of the telescope, and (iii) the
detector sampling pixelation. Notably, there are additional
observational effects we do not include to facilitate interpreta-
tion, such as noise effects, calibration artifacts, or instrumental
and detector aberrations.

We position all our synthetic observations at a distance of
10Mpc from the observer, selected to match the median
distance to the sample observed by the SALSA survey (Lopez-
Rodriguez et al. 2022). We account for distance dimming in
our synthetic radio maps, but maintain intrinsic column
densities in the FIR. This distance is then taken into
consideration when applying a convolution with the corresp-
onding telescope PSF. We assume a VLA C band in its D
configuration (full width at half maximum (FWHM) of 12 6)
and SOFIA in the D band (154 μm, with an FWHM of 13 6).
Finally, we apply a Nyquist pixelation, resolving each PSF
with 2× 2 pixels.

4. Results

To facilitate the connection between observations and
simulations, we start our analysis by reviewing the global
appearance of the studied galaxy by comparing the intrinsic
physical properties of the system with the synthetic
observations.

4.1. Global Comparison of Synthetic FIR and Radio
Observations

Figure 2 illustrates the main results of this work from a
qualitative point of view. This figure compares our synthetic
observations in radio and FIR for the MB11 model. Each panel
combines a face-on and edge-on view of the galaxy, overlaid
with streamlines representing the average magnetic field
direction as thin white lines. These streamlines are slightly
thickened in regions with stronger magnetic fields and removed
from regions where their strength is negligible. Whenever
present, cyan quivers display the orientation of the corresp-
onding linear polarization, rotated by 90° to align with the
observationally inferred orientation of the local magnetic field
in the plane of the sky. From left to right, in Figure 2, each of
the displayed columns corresponds to full-resolution total
intensity, full-resolution polarized intensity, telescope-like total
intensity, and telescope-like polarized intensity. Finally, in
Figure 2, from top to bottom, (top) each of the rows displays
the combined color composite view of the radio (blue) and FIR
emission (gold), (middle) FIR emission, and (bottom) radio
emission.
The figure reveals a clustered distribution of the FIR

intensity, typically concentrated in dense clumps of gas found
within the spiral arms of the galaxy. These clumps have
irregular shapes and extend for a few hundred parsecs in the
simulated galaxy. However, the sizes of these clumps are below
the resolution of the observations, so the clumps are vastly
smoothed in the telescope-like observations to sizes compar-
able with the PSF and approximately circular shapes (i.e.,
unresolved sources). A similar result is found for the edge-on
views, where the full-resolution images reveal a thin disk
constituted by irregular cold gas clumps, mostly at low
altitudes above and below the galactic plane. These clumps
blend into a thicker appearance in the telescope-like observa-
tion, concealing the intrinsic width of the galactic disk.
The total synchrotron emission has an extended and smooth

distribution, following the spiral structure of the galaxy. The
magnetic field strength approximately traces the thickness of the
spiral arms, reflected by the magnetic field streamlines. Polarized
synchrotron emission seems to show slightly thinner arms than
the total synchrotron emission. This radio emission is not
significantly modified by our telescope-like observation, suggest-
ing that the scales for its coherence are comparable to or larger
than the size of the telescope PSF of approximately 300 pc.
Notably, our employed analytic smooth distribution for the CR
electrons does not capture local deviations such as those found by
more complex models, e.g., Werhahn et al. (2021b). These could
be significant for the full-resolution images and may propagate to
their telescope-like counterparts. The more extended nature of the
synchrotron emission, both in the face-on and edge-on orienta-
tions, is more apparent when directly comparing the two studied
wavelength ranges, particularly reflected in the color composite
panels.
The contrast between the large-scale and extended nature of

the radio emission, and the small-scale and clumpy distribution
of the FIR is clearly seen in the magnetic field inferred by their
corresponding polarized intensities. The synchrotron quivers
follow the orientation of the magnetic field across the plane of
the sky almost perfectly, indicating that the radio synchrotron
emission is a good tracer of the large-scale galactic magnetic
field. This result suggests that the synchrotron emission is not
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significantly affected by structural anisotropies in the magnetic
field at smaller scales.

Conversely, the FIR magnetic field displays local deviations
from the orientation of the intrinsic magnetic field at the scales
depicted by the streamlines, which typically capture magnetic
field structure at scales of approximately ∼50–100 pc. In those
cases, the FIR magnetic field is frequently oriented perpend-
icular to the local dust density gradient. These deviations from
the magnetic field are particularly clear in the telescope-like
observation, where a non-negligible amount of beam depolar-
ization is present. Examples are the clumps in the north–

northwest direction above the galactic center, or in the eastern
region of the image. Such beam depolarization results from the
blending of diverse and unaligned linear polarizations con-
tained within the beam of the observations.
The spatial correlation between dust density and FIR

magnetic field deviations from the intrinsic magnetic field
depicted by the streamlines is a notable result when considering
the limitations on grid size for present-day high-resolution
galaxy formation simulations. An even higher amount of
depolarization is likely to be recovered for enhanced spatial
discretization that better captures the substructure of the gas

Figure 2. FIR and radio emission comparison for the MB11 model, with each set of panels displaying a face-on and edge-on view of the disk galaxy. From left to
right, the columns display full-resolution total intensity, full-resolution polarized intensity, telescope-like total intensity, and telescope-like polarized intensity. See
Section 3 for the details of telescope-like synthetic observations. All panels have magnetic field lines overplotted as thin white streamlines. From top to bottom, each
set of rows displays the following. (Top row) Color composite view of the radio (blue) and FIR (gold) emission. (Middle row) FIR geometric observation, with
polarization measurements overlaid as cyan quivers rotated by 90° to match the inferred orientation of the magnetic field. (Bottom row) Same as the middle row, but
now for the synthetic radio observations. FIR emission concentrates on dense clumps, whereas the radio emission is extended and diffuse. The radio magnetic field
inferred from the polarized emission captures the large-scale magnetic field, and the FIR magnetic field captures the more turbulent and small-scale field.
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clouds dominating the FIR intensity. We will show below that
these high-density regions deviating from the local inferred
magnetic field often correspond, as expected, to star-forming
regions. This association confirms the large angular dispersion
of the FIR magnetic fields located in dense regions and the
steep depolarization rate with increasing column density
measured in nearby spiral galaxies (Lopez-Rodriguez et al.
2022; Borlaff et al. 2023; Surgent et al. 2023).

We present all the simulated galaxies investigated in this
study in Figures 3 and 4. We compare their synthetic
observations with various physical quantities of interest. From
left to right, each column in both figures displays a different
model: MB12, MB11, MBinj, MB10, and MB20. From top to
bottom, each of the rows in Figure 3 displays the observational
quantities: SDSS filters' synthetic observation accounting for
dust absorption,23 SOFIA-like FIR total intensity with
polarization quivers, and the VLA-like radio total intensity
with polarization quivers. In the last row, we include the
density-weighted magnetic field strength with streamlines
displaying the local orientation of the field in the projection
plane. Figure 4 focuses on additional intrinsic MHD quantities.
From top to bottom, each row displays gas surface number
density, density-weighted gas temperature, and average star
formation rate (SFR) surface density over the last 500Myr
overplotted (in cyan) with regions of ongoing star formation
according to our MTT model.

Some of the galaxies display similar structures, with
MB10 showing the most evident deviations as a result of its
extreme magnetization shrinking the galaxy (Martin-Alvarez
et al. 2020). Stronger magnetic fields appear to lead to tighter
spiral structures, particularly for the arms observed in radio.
The surface gas densities resemble the rippling pattern recently
observed by JWST/MIRI in systems like the Whirpool galaxy
(M51) by the program Feedback in Emerging Extragalactic
Star Clusters (ID: 1783; PI: Angela Adamo) and NGC 628
(Thilker et al. 2023) by Physics at High Angular Resolution in
Nearby Galaxies-JWST (ID: 2107, PI: Janice Lee). Despite the
similar appearance of the synthetic optical observations
between our models and the density structures with the mid-
infrared observations, different magnetizations lead to impor-
tant variations in the synthetic FIR and radio observations. This
illustrates the importance of these other wavelengths and
observing techniques as independent probes for the ISM of
galaxies. For example, the correlation of the FIR intensity with
the SFR can be used as a proxy of the contribution of the small-
scale magnetic field and the effect of the star formation activity.
This work will provide an explanation of the proposed scenario
by Borlaff et al. (2023) in which small-scale magnetic field
and/or gas velocity dispersions, likely driven stellar feedback
in regions of ongoing or recent star formation, are responsible
for the depolarization of the FIR polarized intensity. This effect
will be quantified in a follow-up work, as here we focus on the
origin of measured magnetic fields at FIR and radio
wavelengths. Furthermore, the FIR magnetic field structure of
MB12, MB11, and MBinj have a striking resemblance to those
of NGC 6946, M51, and M83, respectively (Lopez-Rodriguez
et al. 2022; Borlaff et al. 2023). Specifically, these three
models, as shown in Figure 3, have the following spatial
correspondences with the FIR polarimetric observations: (a)

NGC 6946 shows a very disordered and patchy magnetic field
across the disk of the galaxy, with the FIR magnetic field
mostly cospatial with the star-forming region in the arms, (b)
M51 shows a well-ordered magnetic field in the central ∼5 kpc
radius of the galaxy and more disordered in the outskirts, due to
star formation activity and the total intensity is smooth and
extended across the entire disk, and (c) M83 shows a large-
scale ordered spiral magnetic field cospatial with the spiral
arms with large angular dispersion of the field in the star-
forming regions (Figure 1 in Lopez-Rodriguez et al. 2022).
With the exception of our two edge cases, MB10 and MB20,

radio intensities across galaxies are comparatively similar, with
the deviations in intensity correlated with the different
magnetization of each system (see Equation (8)). Radio
emission appears to somewhat trace a smoothed approximation
of the gas surface density, filtered by regions of strong
magnetic field. This correlation is somewhat less prominent for
MB20. The deviation of MB20 and especially MB10 from the
usual appearance of galaxies in FIR (exclusively for MB10)
and radio observations indicate that magnetic fields are not only
responsible for the observed emission, but also impact the
underlying properties and distribution of the ISM, illustrated in
Figure 4. Similarly, we note that the total intensity of the radio
of MB12 shows more filamentary structures than MB11 or
MBinj, which are smoother and better resemble radio
observations (Beck 2015; Beck et al. 2020). These two models
also show magnetic arm-like structures observed in spiral arms
like NGC 6946 (Beck 2007). Specifically, as shown in Figure 3
for MB11 and MBinj (and further reviewed below in Figures 5
and 6), the polarized intensity has depolarized spiral arms that
may be produced by the post-shock in the trailing part of the
arm, as observed in NGC 6946 by Beck (2007). Thus, both
MB11 and MBinj synthetic observations show features compa-
tible with observations in both FIR and radio wavelengths. We
will focus on these two models to discuss the main results of
this manuscript.

4.2. Integrated Slicing of the Polarized Emission of Galaxies

To address the question of what is the source of polarized
radio and FIR emission within the volume of galaxies, we
review the distribution of their intensities along the disk height.
Figures 5 and 6 display telescope-like synthetic observations of
the MB11 and MBinj models for three different values of the
disk half-thickness (0.5 Δz): 0.1, 0.2, and 1.2 kpc (i.e.,
integrated from −0.5Δz to +0.5Δz). These are selected to
capture the relative increase in intensity later explored in
Section 4.3. The two leftmost columns in these two figures
correspond to the radio (first) and FIR (second) total intensities,
overlaid with the inferred magnetic field orientation from their
respective linearly polarized emissions. We also include in
these panels the intrinsic orientation of the magnetic field
within the disk slice as white streamlines (computed as
described in Section 3). The rightmost group of the four
panels displays from top left to bottom right: radio-polarized
intensity, FIR polarized intensity, radio-polarized fraction, and
FIR polarized fraction. We fix the dynamic range displayed by
the colors to a maximum-minimum-ratio of 75.0 for total and
polarized intensities, and 2.0 for the polarization fractions so as
to highlight differences in scaling. Linear polarization fractions
range from 0.3–0.6 for radio and from 0.05–0.1 for FIR. To
provide further clarity for these fractional quantities, we
overlay the respective total intensity for each domain in purple.

23 We model each stellar particle as a single stellar population, with spectral
emission following Bruzual & Charlot (2003). Dust absorption is modeled as
an absorption screen.
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Figure 3. Comparison of observable intensities vs. projected intrinsic galaxy properties (continued in Figure 4). From top to bottom, the rows display SDSS-like color
composite of the [u, g, r] filters, SOFIA-like FIR total intensity observation, VLA-like radio total intensity observation for synchrotron emission at 6.2 cm, and
magnetic field strength. On the FIR and radio emission panels, we overlay cyan quivers for the corresponding observed polarization rotated by 90°. The magnetic field
strength includes white streamlines indicating the orientation of magnetic field lines within the projected plane. From left to right, each column displays the MB12,
MB11, MBinj, MB10, and MB20 models. FIR emission shows some correlation with regions of ongoing star formation (displayed in Figure 4), whereas the radio
emission has a better resemblance to those of a stronger magnetic field.

10

The Astrophysical Journal, 966:43 (29pp), 2024 May 1 Martin-Alvarez et al.



The two figures reflect the more extended nature of the radio
emission when compared with the FIR. A notable feature,
however, is how this extended radio emission emerges for half-
thicknesses >0.1 kpc, indicating that the extended radio
emission becomes increasingly prominent when we integrate
up to higher altitudes above the midplane. The FIR emission
experiences only minor changes, which will be quantified in
Section 4.3. Some FIR emitting clumps appear at radii 8 kpc
as the integrated thickness is increased but only contribute a
small proportion of the total observed intensity. The appearance
of these clumps is caused by deviations from a perfect
cylindrical disk and by some gas clumps having orbits
perturbed to some altitude above the midplane. The described
trends are also reproduced by the polarized intensities. The
polarization fractions provide further insight into how the

intensities are distributed across disk heights. Based on the
linear polarization maps, the polarization fraction of the FIR
remains largely unchanged for altitudes >0.1 kpc. The FIR
polarized emission emerges mostly from the observed clumps,
which have their polarization dominated by their central
emission. These results will be quantified below, and are
compatible with the observed clumpy polarized emission from
spiral galaxies observed by the SALSA survey (Lopez-
Rodriguez et al. 2022; Borlaff et al. 2023).
The synchrotron emission is approximately at its maximum

average polarization fraction at 0.5Δz∼ 0.1 kpc (pradio(Δz=
2× 0.1 kpc)∼ 0.68 and pradio(Δz= 2× 1.2 kpc)∼ 0.62), indi-
cating coherent emission at scales of 0.2 kpc. Some star-
forming clumps display significant depolarization at low
altitudes. As the thickness of the synthetic observations is

Figure 4. Figure 3 continued, now displaying projected intrinsic galaxy properties. From top to bottom, the rows show total gas surface density, density-weighted gas
temperature, and SFR averaged over the last 500 Myr with regions of ongoing star formation overplotted in cyan. From left to right, each column displays the MB12,
MB11, MBinj, MB10, and MB20 models. FIR emission (displayed in Figure 3) shows some correlation with regions of ongoing star formation.

11

The Astrophysical Journal, 966:43 (29pp), 2024 May 1 Martin-Alvarez et al.



increased, additional depolarization occurs, indicating that this
radio emission is sensitive to depolarization effects along the
LOS. Most of this depolarization with increasing thickness is
localized trailing the synchrotron emission arms and the edges
of regions with large polarized intensities. The radio-polarized

emission maps show magnetic arm-like structures, which are
more evident at low altitudes (<0.2 kpc) but increase in
intensity as the integration height increases. This result
suggests that the measured magnetic arms observed in
NGC 6946 (Beck 2007) may be located close to the midplane

Figure 5. Face-on projections centered on the galaxy for the vertical slicing of the observed telescope-like intensities for the MB11 model. From top to bottom, each
set of panels displays a disk half-thickness of 0.1, 0.2, and 1.2 kpc. The leftmost panel displays a VLA-like 6.2 cm synchrotron total intensity observation, whereas the
second shows a SOFIA-like FIR total emission observation. The subset of smaller panels displays from top left to bottom right: VLA-like polarized intensity
observation, SOFIA-like polarized intensity observation, VLA-like polarized fraction, and SOFIA-like polarized fraction. For the panels showing the polarized
fractions, we employ a fixed color map that ranges from 0.3–0.6 (radio) and 0.05–0.1 (FIR), over which we overlay the corresponding total intensities in purple to
guide the visual analysis of this relative quantity. Overall, synchrotron intensities at 6.2 cm grow as the thickness of the projections is increased, whereas the FIR
counterparts are approximately fixed within the inner 0.1 kpc. The polarization of the FIR is similarly fixed within this inner thickness, whereas the radio is somewhat
depolarized as the disk thickness is increased.
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of the galaxy, while the more diffuse radio-polarized emission
arises from comparatively higher altitudes than its arm-related
counterpart.

4.3. Comparison of the Scale Height of FIR and Radio
Emission

To establish the typical emission profiles with respect to
altitude above the galactic disk, we show them in Figure 7,
combined with various intrinsic MHD quantities for compar-
ison. The figure shows, from top to bottom, gas density, gas

temperature, and magnetic field strength profiles, as well as the
intensities per unit height for the FIR (Figure 7, fourth panel)
and radio (Figure 7, bottom panel) emissions. For comparison,
we include both mass-weighted (dashed lines) and volume-
weighted (solid lines) average measurements of the intrinsic
MHD quantities (i.e., gas density, gas temperature, and
magnetic field strength).
For the MHD quantities, volume-weighted profiles are

comparable across all our models, except perhaps for MB10.
The temperature profile for this model reflects a shrunken

Figure 6. Same as Figure 5, but now for the MBinj model. As for the MB11 model, synchrotron intensities at 6.2 cm grow as the thickness of the projections is
increased, with increasing radio depolarization when probing larger disk thicknesses. The FIR is fixed within Δz  0.1 kpc, both for the total intensity and the
observed depolarization.
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galaxy that is somewhat hotter in its innermost region, due to a
more radially concentrated disk, and colder at intermediate
altitudes (|z|∼ 0.2 kpc), due to a wider thick disk (see Figure 4;
also see Martin-Alvarez et al. 2020). Despite this, the mass-
weighted temperature profile of MB10, which traces the
properties of the thin disk and the denser phases of the ISM,
is similar to those of the other models. Mass-weighted profiles
have a more complicated structure, with deviations driven by
massive and dense gas clumps (e.g., MB10 at ∼0.15 kpc or
MB20 at ∼0.2 kpc), leading to the substructure observed in the

magnetic field profile. Volume-weighted gas densities and
magnetic field strength, as well as the two intensities studied,
display an approximately power-law–like decrease with a break
at an altitude of |z|∼ 0.6 kpc, with the change in slope
somewhat less prominent in the radio. Similarly, the FIR
emission also displays the largest decrease, whereas the radio
has a shallower reduction with altitude. Magnetic field
strengths approximately flatten out above altitudes of
|z| 0.4–0.6 kpc comparable to the gas density profiles. The
magnetic field strength inner profile decreases with an
approximate power law of −1.0± 0.2, which we estimate is
comparable to that in the profiles presented by Pakmor et al.
(2017). Similarly, the gas density profiles have an approximate
power-law index of −2.8± 0.2. For the intensities, the inner
part of the profile (|z|< 0.6 kpc) decreases with α power-law
indices (dI/d|z|∝ |z|α) of αradio =−0.56± 0.11 and αFIR

=−0.99± 0.17.
We now quantify how the relative intensity at FIR and radio

wavelengths changes as a function of the altitude above the
galactic disk, and the corresponding scale heights for each of
the observables. For this, we compute the relative growth of
multiple quantities. This corresponds to their integral between
−0.5Δz and +0.5Δz normalized to the value of this integral
for 0.5Δz= 1.2 kpc. Figure 8 shows this relative growth with
respect to disk half-thickness of 0.5Δz for the normalized total
intensity (top row), normalized polarized intensity (second
row), FIR polarization fraction (third row), and radio polariza-
tion fraction (last row). These are shown both for full-
resolution (left column) and telescope-like observations (right
column). The panels combine the results for FIR (solid lines)
and radio (dashed lines) emission. Intensities are normalized to
their value at a 1.2 kpc disk half-thickness, but their integrated
values employed for this are provided inside the corresponding
panels for completeness.
We find the FIR intensity to increase rapidly within the

central 0.2 kpc of the half-thickness, with approximately 80%
of the total and polarized emission concentrated within this
layer. Radio intensity only reaches such percentages at
scales of 0.3–0.4 kpc, and approximately follows its power-
law increase (dIradio∝ |z|−0.56±0.11d|z|) up to heights of
∼0.5–0.8 kpc. This is true except for the edge-case models:
MB20 and MB10. The negligible magnetization field case
presented by MB20 has a more concentrated FIR and radio
emission. On the other hand, MB10 has a considerably more
extended radio emission and FIR, with its most significant
contribution coming from scales comparable to those of MB20.
This suggests that stronger fields lead to a thicker distribution
above the disk midplane of the underlying magnetic energy
(Martin-Alvarez et al. 2020), and is reflected by the radio. As
expected, the total intensities are unchanged when our
telescope-like observations are applied. Full-resolution polar-
ized intensities also follow a relative growth similar to their
total intensity counterparts, with some variation at the inner-
most heights likely driven by the degree of magnetic field
anisotropy. The overall depolarization within the explored
altitude range is small, approximately 3% for the FIR and 5%
for the radio. When considering the depolarization occurring in
dense gas clouds, as shown by Figures 5 and 6, this suggests
that for face-on observations, the magnetic field is, except in
localized regions (dense gas clumps for FIR and sometimes
radio emissions; and trailing emission in magnetic arms
in radio), generally ordered along the LOS above heights of

Figure 7. Vertical profiles as a function of height for the gas density (top
panel), gas temperature (second panel), and magnetic field strength (third
panel), as well as for the FIR (fourth panel) and radio (bottom panel) emission
per unit height. Intrinsic quantities (i.e., gas density, gas temperature, and
magnetic field strength) are shown as both mass (dashed) and volume (solid)
weighted. We increase the magnetic field of the MB20 model by a factor of 107

to include the simulation within the presented dynamic range. Magnetic fields
approximately plateau at altitudes h  0.6 kpc. FIR displays the most
pronounced decrease with height, whereas radio is shallower.
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∼100 pc. The synchrotron emission scarcely changes when
comparing the polarized intensities and polarization fractions
between our full-resolution and telescope-like observations.
This further supports that the emission (and magnetic field)
structures probed by these lower frequencies are large scale in
nature, with sizes comparable to or larger than the physical
resolution of our telescope (i.e., 300 pc).

Comparatively, the FIR polarized intensity clusters con-
siderably within 0.1 kpc, with virtually all models featuring
70% of their FIR emission within this half-thickness. This

suggests that the small-scale structure variations seen in the
full-resolution observations are now dominated by depolariza-
tion, due to the SOFIA beam. This is further reflected by a
reduced polarized fraction from about 15% in the intrinsic
scenario, down to ∼5% in the telescope-like scenario. This
supports that the FIR emission is a probe of magnetic fields at
scales 100 pc, and supports the case for future FIR
polarimetric missions with even higher resolutions as a
powerful window to probe into the deep and small-scale
magnetic fields of galaxies.

Figure 8. Relative contribution as a function of galactic altitude for multiple quantities integrated between −0.5Δz and +0.5Δz, and normalized to their integral at
0.5Δz = 1.2 kpc. From top to bottom, the rows display total intensity, polarized intensity, FIR polarization fraction, and radio synchrotron polarization fraction. All
quantities are computed using face-on synthetic observations. The left and right columns correspond to the full-resolution and telescope-like observations,
respectively. FIR emission is shown using solid lines, whereas the radio is represented with dashed lines. �80% of the FIR emission is concentrated below 0.2 kpc,
whereas radio emission has similar integrated contributions at heights of 0.3–0.4 kpc.
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To compare the altitudes reached by the FIR and radio
emissions, in Figure 9, we review the scale height at which a
given percentage of the emission is obtained for the FIR (x-
axis) and radio (y-axis) intensities. To aid in the interpretation
of this type of graph, we include three dashed lines: the one-to-
one (gray), two-to-one (blue), and half-to-one (gold) relations
between the two scale heights. An important result from this
figure is the approximate two-to-one scaling between most of
the radio and FIR intensities. We estimate that �50% of the
FIR intensity arises from a vertical scale of �0.11 kpc, while at
radio wavelengths, the vertical scale responsible for half of the
emission is �0.24 kpc (Table 2). This result indicates that most

of the radio intensities arise from disk regions with a thickness
approximately twice in size as that of the FIR intensities, i.e.,

= 2.16 0.13h

h
I radio

I FIR
. The averaged vertical scales were

estimated using the combination of the models MBinj,
MB12, and MB11, labeled as combined (i.e., excluding
MB20 and MB10) in Table 2.
We further compare the total and polarized intensities in

Figure 10. Overall, the comparison of total to polarized
intensities for both FIR and radio wavelengths scales
approximately along the one-to-one relation (Figures 10(a1),
(c3)). This indicates that polarized emission globally probes
approximately the same column as total intensities, at least at
scale heights larger than the resolution elements of the
simulations. In combination with the trend for depolarization
discussed above, this suggests that regions where depolariza-
tion is important have a comparatively higher contribution to
their final polarization from emission layers at higher altitudes,
which are less likely to be perfectly aligned with emission
emerging from lower altitudes. This is reflected in the linear
polarization fraction shown in Figures 5 and 6. The two-to-one
scaling between the radio and FIR intensities is preserved for
the polarized intensity: = 2.11 0.24h

h
PI radio

PI FIR
. Depolarization

along the LOS may become more important for galaxies
observed under some degree of inclination. Such effects of
inclination are studied in Section 4.5.
In addition, all the results above are approximately

unchanged when comparing the full-resolution and telescope-
like observations. This is shown in Appendix C, and it indicates
that telescope observations at their currently attainable
resolutions succeed in probing the intrinsic distribution of the
emission along different disk heights down to at least a few
times the resolution of our simulations (30 pc). Consequently,
we limit our analysis to the telescope-like case, but note that
our results are unchanged vis-à-vis the full-resolution case.

Table 2
Summary of the Measured Scale Heights of Our Simulations

Model hI FIR hPI FIR hI radio hPI radio
h

h
I radio

I FIR

h

h
PI radio

PI FIR

(kpc) (kpc) (kpc) (kpc)
(1) (2) (3) (4) (4) (6) (7)

Face-on orientation

MBinj 0.11 0.10 0.23 0.22 2.2 2.1
MB12 0.11 0.09 0.26 0.25 2.5 2.8
MB11 0.15 0.15 0.32 0.30 2.1 2.0
Combined 0.11 ± 0.01 0.11 ± 0.01 0.24 ± 0.03 0.23 ± 0.03 2.2 ± 0.1 2.1 ± 0.2
MB20 0.08 0.10 0.16 0.15 1.9 1.6
MB10 0.07 0.07 0.61 0.59 8.2 8.4

Inclined orientation

MBinj 0.13 0.12 0.27 0.26 2.1 2.2
MB12 0.14 0.08 0.30 0.29 2.2 3.6
MB11 0.21 0.22 0.39 0.36 1.8 1.6
Combined 0.16 ± 0.03 0.14 ± 0.04 0.32 ± 0.04 0.30 ± 0.03 2.0 ± 0.1 2.5 ± 0.5
MB20 0.10 0.09 0.17 0.16 1.7 1.9
MB10 0.08 0.04 0.63 0.55 8.0 15.7

Notes. Column (1): model name. Column (2): scale height of the 50% integrated FIR total intensity. Column (3): scale height of the 50% integrated FIR polarized
intensity. Column (4): scale height of the 50% integrated radio total intensity. Column (5): scale height of the 50% integrated radio-polarized intensity. Column (6):
ratio between the radio and FIR total intensity scale heights. Column (7): ratio between the radio and FIR polarized intensity scale heights. We include a combined
scale height estimated as the average of the models MBinj, MB12, and MB11, excluding the edge cases MB20 and MB10.

Figure 9. Comparison of height scale for radio (y-axis) vs. FIR (x-axis).
Different lines show the altitudes at which a given percentage of the integrated
emission is reached for each of the reviewed quantities. We include three
dashed lines to aid visual inspection, indicating the one-to-one (gray), two-to-
one (blue), and half-to-one (orange) relations. Lines scaling along the blue
dashed line have quantities for the y-axis that proportionally extend twice the
height of the x-axis, and inversely for those scaling along the orange dashed
line. Total radio synchrotron intensity has approximately double the scale
height of the FIR emission.
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4.4. FIR as a Tracer of the Cold Medium and Radio
Synchrotron as a Tracer of Warm Neutral and Cold Phases

A different height scaling for each of the studied wavelengths is
somewhat expected when considering that the FIR is a dust-
generated emission (Equation (4)), whereas the radio intensity is
proportional to some power of the magnetic field strength and the
CR electron distribution (Equation (8)), with both further affected
by the magnetic field structure. Stronger magnetic fields are
theoretically expected and measured by observations probing
denser gas phases (Crutcher 2012; Roche et al. 2018). Despite
having weaker magnetic fields, due to the large fraction of galaxy
volume in the warm and hot gas phases and the volume-filling
distribution of CR electrons in the galaxy, the synchrotron
radiation emerging from these phases will constitute a significant
fraction of the observed extended radio emission.

To investigate the correlation between the two studied
wavelengths and the ISM phases, we divide the ISM into four
different phases. Each gas cell is classified, according to its
temperature, T, and hydrogen ionization, xH II, into

1. Cold neutral medium (CNM): T� 200 K,
2. Warm neutral medium (WNM): 200 K< T� 106 K, with

its WNM gas density ρgas,WNM= ρgas,warm(1− xH II),
3. Warm ionized medium (WIM): 200 K< T� 106 K, with

its WIM gas density r r= xgas,WIM gas,warm H II,
4. Hot medium (HM): 106 K< T,

where xH II is the hydrogen ionization fraction for each cell
computed according to the gas' local properties. The quantity
ρgas,warm is the gas density ρgas for cells with temperature
fulfilling [ ]ÎT 200, 10 K6 , and set to ρgas,warm= 0 otherwise.
We note that modeling a self-consistent ionization of the gas,
which requires radiative transfer (e.g., Rosdahl & Teyssier
2015; Katz 2022), would modify the total amount of ionized
hydrogen, its distribution, and its dynamics (Rosdahl et al.
2015; Martin-Alvarez et al. 2023; Yuan et al. 2024). To
provide further insight into the distribution of gas across the
ISM phases we defined, we display in each subsequent row of
Figure 11 the surface density of the CNM, WNM, and WIM
phases. The figure displays the same galaxies and orientations
as Figures 3 and 4, with columns from left to right
corresponding to the MB12, MB11, MBinj, MB10, and
MB20 models. Overall, the distributions of CNM and WNM
gas surface densities are similar across simulations, and
especially for our three main models studied (i.e., MB12,
MB11, and MBinj). As discussed by Martin-Alvarez et al.
(2020), MB10 shows a somewhat more radially concentrated
galaxy, and with a thicker disk (particularly evident for its
WNM). For all models, most of the mass in the WIM is
concentrated at radii of r 10 kpc, with a distribution
comparable to the WNM at those radii. In this section, we
study the correlations between each of the ISM phases and the
FIR and radio emission. We find these to be preserved despite

Figure 10. Comparison of height scale for various combinations of observational quantities. From left to right, the x-axes of the columns correspond to SOFIA-like
FIR total intensity, SOFIA-like FIR polarized intensity, and VLA-like radio synchrotron total intensity. From top to bottom, the rows display the SOFIA-like FIR
polarized intensity, VLA-like radio synchrotron total intensity, and VLA-like radio synchrotron polarized intensity. We include three dashed lines to aid visual
inspection, indicating the one-to-one (gray), two-to-one (blue), and half-to-one (orange) relations. Lines scaling along the blue dashed line have quantities for the y-
axis that proportionally extend twice the height of the x-axis, and inversely for those scaling along the orange dashed line. Both total and polarized radio synchrotron
intensity have height scales approximately double their FIR counterparts.
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any ISM phase variations that may be introduced by the
different studied magnetizations, except perhaps for the larger
deviations of the extreme MB10 case. In future work, we will
review in more detail the impact of the magnetic field on the
ISM and its different phases.

To provide a more quantitative relation between the gas
phases and the different types of emission, we repeat our scale
height comparison, now between the two wavelengths studied
against the ISM phases, magnetic energy, and SFR. Due to the
approximately one-to-one scaling between telescope-like and
full-resolution synthetic observations, we only review compar-
isons for the former. In Figure 12, we show a comparison of the
scale height between the radio and FIR intensities and the
intrinsic quantities with which we found or expected interesting
correlations. The x-axis in each column in Figure 12 shows
from left to right SOFIA-like FIR total intensity, SOFIA-like

FIR polarized intensity, VLA-like radio total intensity, and
VLA-like radio-polarized intensity. The quantities of interest
are shown for each row's respective y-axis, and correspond
from top to bottom to CNM surface density, WNM surface
density, neutral gas (CNM and WNM) combined surface
density, ongoing SFR (over the last 10 Myr), recent SFR (over
the last 100 Myr), and total magnetic energy. The average
ratios between the quantities found to display correlations are
summarized in Table 3. We reviewed various other quantities
not shown in this work, and found no significant correlations.
These are listed in the bottom of Table 3.
We find some important correlations between the emission

and some of the ISM phases. In particular, FIR emission scales
comparably to the CNM surface density ( ~ ~S Sh

h

h

h
CNM

I FIR

CNM

PI FIR

1.3 0.1; Figure 12 panels (a1), (a2)), whereas the radio
emission roughly matches the neutral gas surface density

Figure 11. Projected views of the galaxies (same as shown in Figures 3 and 4) now showing galaxy ISM phase surface gas densities. From top to bottom, the rows
display CNM phase gas surface density, WNM gas surface density, and WIM gas surface density. From left to right, each column displays the MB12, MB11, MBinj,
MB10, and MB20 models.
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scaling with height ( ~ ~ S + S + 1.3 0.1;h

h

h

h
CNM WNM

I radio

CNM WNM

PI radio

panels (c3), (c4)), except for MB20 with a negligible magnetic
field. This latter correlation is driven by the combined mass, as
exclusively considering the WNM leads to a somewhat more
extended scale height than that from the synchrotron (panels
(b3), (b4)), and was recently also found by Ponnada et al.
(2024b). This supports the consideration of the FIR emission as
a density probe, while the radio can be comparatively
interpreted as a volume-filling mass probe.

We also explore correlations with the scaling of SFR, both at
timescales indicative of ongoing star formation (10 Myr; Hα)
and recent activity (100Myr, UV). FIR is a better tracer of the

ongoing star formation ( = S 1.5 0.2;h

h
SFR10

I FIR
Figure 12 panels

(d1), (d2)), although we note that our FIR emission has a higher
contribution from the central-most altitudes (i.e., a rapid
increase up to ∼50% of the emission) up to ∼0.1 kpc. Both
radio and FIR become comparable in scale at heights of
∼0.2 kpc. On the other hand, the radio intensity matches well
the scale heights of star formation on longer timescales
(100 Myr), i.e., = S 1.1 0.1h

h
SFR100

PI radio
(panels (e3), (e4)). It

shows approximately one-to-one scaling for all models except
for MB10, which features a concentrated star formation profile
driven by its extreme magnetization (Martin-Alvarez et al.
2020).

Figure 12. Same as Figure 10, now comparing telescope-like intensities with multiple intrinsic quantities of interest for which we found or expected correlations.
From top to bottom, these correspond to CNM column density ΣCNM, WNM column density ΣWNM, neutral hydrogen column density ΣCNM + ΣWNM, 10 Myr SFR
column density ΣSFR10, 100 Myr SFR column density ΣSFR100, and integrated total magnetic energy Emag. Both FIR and radio emission are more concentrated than
the integrated magnetic energy (panel (f)). We find that the CNM is traced by the FIR emission (panels (a1), (a2)), whereas the radio synchrotron emission is an
approximate tracer for the combination of the WNM and CNM phases instead (except for MB20; panels (c3), (c4)).
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Finally, we display the scaling of the two types of emission
with magnetic energy (Figure 12, bottom row). These relations
show that the magnetic energy in all our galaxies extends
significantly further into higher altitudes than the intensities in
our synthetic observations. This result may suggest that these
two wavelength ranges do not capture a considerable amount of
magnetic energy, likely due to the decrease of number density
with the height of both electronic CRs and dust. Furthermore,
with magnetic field lines above the galactic disk likely oriented
along the direction of winds and outflows (Lopez-Rodriguez
et al. 2021; Lopez-Rodriguez 2023), synchrotron, and dust
emission will now be preferentially oriented toward LOSs with
some degree of inclination.

4.5. The Effects of Inclination on the Vertical Distribution of
FIR and Radio Emission

The reviewed height scalings and their interrelations were
studied under the most straightforward scenario of a fully face-
on orientation for the observed galaxy. To generalize our
results to the broader context of observations, we review
whether they hold for inclined observations. Throughout this
section, we assume a LOS inclined 66° with respect to the face-
on orientation. An intermediate inclination of 45° was also
studied, with all the studied scalings and correlations closely
resembling our face-on orientation case. This considerable
inclination of 66° is selected with the objective of reviewing
whether our results hold when including a non-negligible ISM
density column in each LOS pixel while avoiding a fully edge-
on LOS. As our objective is to determine relations with respect
to altitude over the midplane of the galaxy, we continue to
modify the integrated thickness along the direction perpend-
icular to the disk plane, as before. In Figure 13, we repeat the

same comparison shown in Figure 8 for the relative contrib-
ution to the integrated intensities as a function of disk
thickness, now for the inclined LOS. The half-intensity scales
and scale ratios for our inclined observations of each emission
are summarized in Table 2.
As expected from simply LOS-integrated quantities, the

total intensities are approximately unchanged. The measured
scale heights of the polarized intensities increase with
inclination, featuring a more prominent displacement of the
profiles toward higher half-thickness for the telescope-like
synthetic observations (Figure 13, right column). This effect
is found for both the radio and FIR emission, with a larger
relative increase for the synchrotron emission. Polarized
fraction maps (Figures 5 and 6) reveal LOS depolarization
effects with an overall decrease in the polarization fraction in
FIR from ∼0.18 to ∼0.14 (Figure 13). A flat profile with
increasing disk thickness in the full-resolution case indicates
that the intrinsic depolarization occurs close to the disk plane.
However, the more significant variations in the telescope-like
observations show how resolution-limited observations will
include important beam depolarization effects with varying
contributions along the LOS. While inclination depolariza-
tion is also found for the radio emission, its reduction of
approximately ∼0.02 represents a small proportional
decrease. Radio observations appear less sensitive to both
inclination and beam depolarization, likely due to synchro-
tron emission emerging from larger galactic scales and
consequently probing more ordered magnetic fields.
Finally, we review the main correlations studied on our face-

on configuration for the inclined observations in Figure 14.
Here, we compare the telescope-like intensities with each other
in the upper triangle, and the correlations between emission,
magnetic energy, star formation, and phases in the bottom

Table 3
Total Integrated Projected Ratio between Phase Surface Densities and the ISM Phases

Model
Sh

h
CNM

I FIR

Sh

h
CNM

PI FIR

S +h

h
CNM WNM

I radio

S +h

h
CNM WNM

PI radio

Sh

h
SFR10

I FIR

Sh

h
SFR100

PI radio
(1) (2) (3) (4) (5) (6) (7)

Face-on orientation

MBinj 1.23 ± 0.01 1.22 ± 0.01 1.47 ± 0.01 1.57 ± 0.01 1.83 ± 0.04 1.03 ± 0.01
MB12 1.21 ± 0.01 1.41 ± 0.01 1.23 ± 0.01 1.27 ± 0.01 1.02 ± 0.01 1.00 ± 0.01
MB11 1.56 ± 0.02 1.54 ± 0.02 1.09 ± 0.01 1.20 ± 0.01 1.53 ± 0.03 1.24 ± 0.01
Combined 1.33 ± 0.11 1.39 ± 0.09 1.26 ± 0.11 1.34 ± 0.11 1.5 ± 0.2 1.09 ± 0.07
MB20 1.26 ± 0.01 1.08 ± 0.01 2.20 ± 0.02 2.25 ± 0.02 1.42 ± 0.01 1.29 ± 0.01
MB10 2.30 ± 0.02 2.38 ± 0.04 1.13 ± 0.01 1.15 ± 0.01 2.77 ± 0.07 0.42 ± 0.01

Inclined orientation (66° with respect to the face-on orientation)

MBinj 1.22 ± 0.01 1.27 ± 0.01 1.28 ± 0.01 1.34 ± 0.01 1.66 ± 0.04 0.87 ± 0.01
MB12 1.12 ± 0.01 1.87 ± 0.02 1.05 ± 0.01 1.10 ± 0.01 0.86 ± 0.01 0.93 ± 0.01
MB11 1.15 ± 0.01 1.09 ± 0.01 1.47 ± 0.01 1.65 ± 0.01 1.00 ± 0.01 0.40 ± 0.01
Combined 1.16 ± 0.03 1.41 ± 0.2 1.3 ± 0.1 1.4 ± 0.2 1.2 ± 0.2 0.7 ± 0.2
MB20 1.39 ± 0.02 1.77 ± 0.04 4.28 ± 0.02 4.56 ± 0.03 1.05 ± 0.01 1.23 ± 0.01
MB10 2.05 ± 0.03 4.5 ± 0.1 1.26 ± 0.01 1.41 ± 0.01 2.51 ± 0.04 0.41 ± 0.01

Notes. Column (1): model name. Column (2): average ratio between the CNM surface density and FIR total intensity. Column (3): average ratio between the CNM
surface density and FIR polarized intensity. Column (4): average ratio between the neutral gas surface density and radio total intensity. Column (5): average ratio
between the neutral gas surface density and radio-polarized intensity. Column (6): average ratio between the ongoing SFR over the last 10 Myr and FIR total intensity.
Column (7): average ratio between the ongoing SFR over the last 100 Myr and radio total intensity. We include a combined scale height estimated as the average of
the models MBinj, MB12, and MB11 between 0.3 and 0.66 of the total integrated distribution, excluding the edge cases MB20 and MB10. For completeness, we list
but do not show additional quantities studied that did not display any significant correlations: WIM surface density, HM surface density, volume, CNM volume,
WNM volume, CNM+WNM volume, WIM volume, hot medium volume, as well as magnetic energy separated into the energy contained in the CNM, WNM, CNM
+WNM, WIM, and hot medium phases.
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6× 4 set of panels in Figure 14. As before, we include dashed
lines for the one-to-one (gray), two-to-one (blue), and half-to-
one (orange) scalings between the y- and x-axis variables.

Polarized intensities now have more concentrated scale
heights than their total intensity counterparts (Figure 14, panels
(a1), (c3)). This reveals that observed polarizations are likely

Figure 13. Same as Figure 8, but now for an inclined LOS (66° inclination with respect to the face-on orientation). Total intensities are unaffected by inclination
effects. However, more considerable depolarization is found, especially for the FIR emission, when accounting for a telescope-like configuration.

21

The Astrophysical Journal, 966:43 (29pp), 2024 May 1 Martin-Alvarez et al.



Figure 14. Same as Figures 10 and 12, but now for an inclined LOS. We include the one-to-one (gray), two-to-one (blue), and half-to-one (orange) scaling relations to
aid visual inspection.

22

The Astrophysical Journal, 966:43 (29pp), 2024 May 1 Martin-Alvarez et al.



fixed at the disk midplane and undergo depolarization as they
traverse an increasing column of the ISM. Depolarization
effects for radio intensities remain small, and as shown in
Figures 5 and 6, are limited to localized regions of the galaxy.
In our inclined observations, we continue to find the
synchrotron emission to probe approximately double the scale
of the FIR (Figure 14, panel (b1)), with the ratio becoming
slightly higher for polarized intensities (Figure 14, panel (c2)),
due to the scale reduction of the polarized FIR, i.e.,

= 2.04 0.11h

h
I radio

I FIR
, = 2.48 0.59h

h
PI radio

PI FIR
. The aforemen-

tioned correlations with different phases and quantities remain
approximately unchanged, as shown in the remaining panels.

This reinforces our conclusions for the FIR as a probe of
small-scale magnetic fields in the cold dense gas typical at
altitudes 0.2 kpc, whereas the radio provides information
about large-scale magnetic fields typically entrained in the
neutral gas of the galaxy and within a thicker disk of scale
height ∼0.4 kpc.

5. Conclusions

We have studied the different scales and ISM phases probed
by FIR and radio synchrotron polarimetric intensities employ-
ing our high-resolution cosmological MHD simulations of a
Milky Way–like galaxy. We generated our simulations
employing our own modified version of the RAMSES code
(Teyssier 2002), in its CT MHD implementation (Fromang
et al. 2006; Teyssier et al. 2006) featuring numerical precision
divergence-less magnetic fields. Our suite of simulations spans
different magnetization levels and mechanisms, which reflect
the resilience of our results toward magnetic field variations in
galaxies, only showing some deviations for the edge cases
(negligible magnetization MB20, and extreme magnetiza-
tion MB10).

We generate our synthetic observations through geometrical
approximations for the FIR and with a modified version of the
POLARIS code (Reissl et al. 2019) for the synchrotron emission
in radio. We explore the approximate appearance of these two
emissions and quantitatively determine their scale heights
above the disk midplane. Our main results can be summarized
as follows:

1. Overall, the appearance of our synthetic observations in
both FIR and radio emission closely resembles observa-
tions. For instance, we observe striking similarities
between MB12, MB11, and MBinj with NGC 6946,
M51, and M83, respectively. Furthermore, we identify
structures in the polarized radio emission maps that
resemble the observed magnetic arms of NGC 6946 (see
Section 4.1).

2. Synchrotron emission is more extended and pervasive
than FIR emission. The former covers virtually the
entirety of the galaxy surface and disk thickness, whereas
the FIR emerges from a number of resolved dusty
filaments and clumps, unresolved in the telescope-like
observation. While both radio and FIR polarization trace
the large-scale magnetic field of the galaxy, the FIR
deviates locally, due to its higher sensitivity to the small-
scale magnetic field structure.

3. In addition to a more extended surface coverage in the
face-on observations, the synchrotron emission emerges
from larger disk thicknesses of ∼0.4 kpc, doubling those
of the FIR emission (0.2 kpc), respectively. This

supports the consideration of the FIR emission as a
density probe, while the radio can be comparatively
interpreted as a volume-filling mass probe.

4. We find FIR to trace the CNM, whereas synchrotron
emission scales with neutral gas (warm and cold neutral
phases) column density. Both exhibit some degree of
positive correlation with star formation, with the FIR
emission a better match for short timescales (∼10 Myr)
and the radio for longer ones (∼100 Myr).

5. Radio emission correlates spatially with regions of high
magnetic energy. However, we find magnetic energy to
extend toward higher altitudes with a vertical profile
featuring a scale height approximately double that of the
synchrotron emission, and extending into the halo. We
attribute this deviation from the magnetic energy profile
to a comparatively steeper vertical profile of the CR
electrons and dust number densities modulating the
synchrotron and dust emission, as well as a poloidal
magnetic field configuration.

6. The polarized radio intensity experiences depolarization
with increasing disk thickness, but only in localized
regions trailing magnetic arms. On the other hand, FIR
emission is rapidly depolarized within thin disk scales.
Radio emission is relatively insensitive to telescope beam
depolarization (at scales of ∼300 pc), whereas this is the
dominant source of depolarization for the FIR. This is in
agreement with the suggested large galactic scale nature
of the synchrotron emission and a smaller scale for the
FIR emission, possibly below the resolutions of our
studied simulations.

7. All our results are approximately unchanged for inclined
LOS observations, with the most notable effect being a
greater depolarization of the FIR emission.

Overall, these results reveal the complementarity of FIR and
radio polarimetric observations, with the FIR emission tracing
small-scale magnetic fields in the cold phase, closer to the
midplane of the disk, and sensitive to ongoing star formation
(∼10Myr). We independently confirm that synchrotron
emission traces the neutral gas (warm and cold neutral phases;
Ponnada et al. 2024b) column density. We also find that radio
emission provides information about large-scale magnetic
fields, more ordered on galactic scales, corresponding with
regions of recent star formation (∼100 Myr), and pervasive
across the surface of the galaxy.
Through the inclusion of additional components, such as

radiative transfer to self-consistently model the ionization of
the neutral gas or CRs to better capture galactic outflows and
modeling of synchrotron emission (Werhahn et al. 2021a;
Pfrommer et al. 2022; Martin-Alvarez et al. 2023; Ponnada
et al. 2024b), galaxy formation simulations will feature
(pending caveats to the accuracy of the simulations and their
models) sophisticated and self-consistent modeling for the
intrinsic physical quantities of galaxies (e.g., Werhahn et al.
2021b; Hopkins et al. 2022) as well as their synthetic
observations across the electromagnetic spectrum. Our study
shows the potential for MHD galaxy formation simulations to
reproduce radio and FIR observations and their observables, as
we delve into the Square Kilometre Array era and the next
generation of FIR observatories such as the Probe far-Infrared
Mission for Astrophysics (PI: J. Glenn; e.g., Moullet et al.
2023).
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Appendix A
The Effect of Alternative Dust Models on the Synthetic FIR

Emission

In the absence of on-the-fly dust modeling, a post-processing
prescription is required to estimate a dust number density for
each cell in our simulations. In this appendix, we review three
different dust models, showing how they all yield approxi-
mately unchanged results for the quantities explored in this
work. The three dust models studied are

Model 1: fixed metal-to-dust ratio with high-temperature
fading

( ) ( )
r

h=n
Z

m
f T , A1dust

gas

dust
D M cut

Model 2: fixed metal-to-dust ratio with no temperature cut

( )
r

h=n
Z

m
, A2dust

gas

dust
D M

Model 3: ionization-dependent metal-to-dust ratio (based on
Laursen et al. 2009)

( ) ( )
r

h= +n
Z

m
x f x . A3dust

gas

dust
D M H ion HI II

In these expressions, ρgas is the gas density, Z is the gas
metallicity, ηD/M= 0.4 represents a constant ratio of dust-to metal
mass (Draine et al. 2007), and mdust is our assumed typical dust
mass mdust= 1.26× 10−14 g (see the main text). Model 1 includes
a smooth gas temperature cut above T> 1500K following the
functional form ( ) ( [ ( )])= -f T Tmin 1.0, exp 1 1500 Kcut .
Model 2 reviews the effect of removing this temperature cut,
and model 3 explores instead an ionization-dependent model as
proposed by Laursen et al. (2009), with xH I and xH II

corresponding to the neutral and ionized hydrogen mass fractions.
fion represents the constant fraction of the entrained metal mass in
ionized hydrogen that is assumed to be in the form of dust
fion= 0.01.
We compare these three models in Figure 15. The left

column of Figure 15 shows the relative intensity contribution
as a function of galactic altitude for the MB11 model, both for
the total (first row) and the polarized (third row) FIR emission.
All three dust models display approximately equal scaling with
increasing disk altitude. We also show the total (second row)
and polarized (fourth row) emission ratios of model 2 and
model 3 with respect to our reference dust calculation (i.e.,
model 1). The approximate equivalence is unsurprising: the
main deviation between the three models is the fraction of the
total mass assumed to be dust in the low-density regime.
Deviations between models 1 and 2 are dependent on the
distribution of high gas temperatures (through fcut). Model 3 is
primarily dependent on the distribution of high gas tempera-
tures at low gas densities (reducing xH I/xH II). However, these
variations are subdominant when compared to the effect of
higher gas densities and gas metallicity, which will generally
correspond to regions of low temperature and low ionization.
For qualitative comparison, in the right column of Figure 15,
we show projections for each of the three dust models, which
are approximately unchanged. Variations are only notable in
regions of low IFIR, which contribute insignificantly to the
integrated emission budget. This further illustrates how our
results are robust with respect to simple post-processing dust
models. We reserve more detailed dust modeling for
future work.
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Appendix B
The Influence of CR Electron Variation in the Synchrotron

Emission Extension

Our CR electron configuration assumes a post-processing,
analytic, and smooth distribution (see Equation (7)), based on
observations of these energetic particles in the Milky Way
(e.g., Webber 1998; Sun et al. 2008). While the distribution
employed in the main study represents our best estimate for the
properties of CRs in such disk galaxies, there are two possible
main variations of this model that may affect our results. We
review their general effects in Figure 16, and provide their
resulting scale heights in Table 4. The first is our selection of
the CR energy spectrum index of pCR= 2.3. This shallower
intrinsic spectrum is expected in galaxies with a younger CR
population. Nonetheless, observations frequently observe

synchrotron spectral indices closer to α∼ 1 (corresponding to
pCR 3.0; Heesen et al. 2014; Tabatabaei et al. 2017). While
the observed spectral index does not correspond to the intrinsic
index of the underlying CR population, for the
MB11 simulation, we review the influence of a steeper
spectrum with pCR= 2.8 in Figure 16. The relative contribution
per disk half-thickness is somewhat more extended than in our
fiducial case, with a half-intensity height increase factor of
1.14. The synthetic observation map for pCR= 2.8 has an
appearance extremely similar to our fiducial case, but we note a
dramatic reduction of the resulting intensity (of ∼2 dex).
Finally, edge-on synchrotron observations from disk galaxies
detect their total radio emission at altitudes of h 1 kpc.
Krause et al. (2018) quote scale heights of ( )1.1 0.3 and
( )1.4 0.7 kpc for the scale heights of total radio intensity in

Figure 15. Comparison of the three studied dust models for the MB11 model. (Left column) Relative contribution as a function of galactic altitude to the integrated
total intensity (top row) and integrated polarized intensity (third row). The second and fourth rows show the ratio of relative contributions between models 2 and 3
with respect to the model 1 reference, for the total and polarized emission, respectively. (Right column) SOFIA-like FIR geometric magnetic field observation, with
polarization measurements overlaid as cyan quivers rotated by 90° to match the inferred orientation of the magnetic field. From top to bottom, the panels display
models 1–3. Overall, varying dust models do not significantly affect the relative contribution as a function of disk half-thickness nor the appearance of our synthetic
observations.
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their C band and L band, respectively. These appear to
correspond to simple averages of the scale height across their
studied population of galaxies. When we incorporate their

provided information for the associated uncertainty in the
average calculation, we retrieve ( )0.91 0.15 and
( )1.07 0.04 kpc. More importantly for this work, we also
provide here the weighted median ( )0.73 0.35 and
( )1.06 0.08 kpc (and simple median ( )1.08 0.42 and
( )1.09 0.45 kpc) values for the C and L bands, respectively.
Notably, total radio intensities include a contribution from
thermal emission, and thus provide only lower limits for the
synchrotron scale heights. Overall, these observations suggest
that the electron distribution should, for a magnetic field
naturally expected to decrease above the midplane, extend
beyond the altitude of hCR,e 1 kpc. While the extension of the
CR electrons above the midplane is bound to be affected by
galaxy properties, we leave their exploration to future work.
Here, we compare the best estimate for our galaxy of

Figure 16. Comparison of different CR e− configurations for the synchrotron emission of the MB11 model. (Left column) Relative contribution as a function of
galactic altitude to the integrated total intensity (top row) and integrated polarized intensity (third row). The second (total intensity) and fourth (polarized intensity)
rows show the ratio of relative contributions for the extended thickness CR e− disk and the steeper CR e− spectrum models with respect to our fiducial CR e−

distribution. (Right column) VLA-like synchrotron observations with inferred plane-of-the-sky magnetic field overlayed as cyan quivers. From top to bottom, the
panels display the fiducial CR e− configuration, a sharper pCR = 2.8 configuration, and a CR e− configuration with hCR,e = 2 kpc. Exploring large deviations from the
expected CR e− configuration only leads to intensities more extended with altitude, and approximately unchanged maps of the observations.

Table 4
Summary of the Measured Scale Heights of the Studied Variations of the CR

e− Configuration

hI radio hPI radio hI radio,2.8 hPI radio,2.8 hI radio,2 kpc hPI radio,2 kpc

(kpc) (kpc) (kpc) (kpc) (kpc) (kpc)

0.31 0.28 0.35 0.32 0.50 0.44

Notes. From left to right, each pair of columns displays the total and polarized
intensities scale heights for (i) our fiducial CR configuration, (ii) a steeper
pCR = 2.8 spectrum, and (iii) a more extended CR disk with hCR,e = 2 kpc.
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hCR,e= 1 kpc, with a considerably larger hCR,e= 2 kpc, in
Figure 16. Assuming hCR,e= 2 kpc leads to a more extended
distribution of synchrotron intensities that still tapers off at
∼1 kpc, the resulting half-intensity height is increased by a
factor of 1.6. As for the previous case, the synthetic observation
map has a remarkably similar appearance, and displays
somewhat higher intensities. Overall, we emphasize here that
uncertainty associated with the best estimates for the CR e−

configuration employed is smaller than the variations explored
in this appendix, and that the two variations explored here both
lead to somewhat higher scales and a more extended
distribution of the emission, further reinforcing our central
conclusion of the radio exploring larger scales than the FIR
emission.

Nonetheless, our employed configuration relies on a simple
analytical model that assumes a smooth distribution of CR
electrons across the simulated galaxies. More sophisticated
models will account for further details of CR physics, where
some simulations are now self-consistently modeling the evol-
ution of CR energy density (e.g., Dubois & Commercon
2016; Pfrommer et al. 2017; Hopkins et al. 2020), or even a
direct self-consistent model of the evolution of the CR electrons
(Hopkins et al. 2022). Accounting for such CR physics will affect
the resulting synchrotron emission (Werhahn et al. 2021a, 2021b;
Ponnada et al. 2024a). Some of these effects are the distribution of
CR electrons modified by the intrinsic MHD properties, CR
energy losses through cooling processes, CR acceleration or
propagation according to the local magnetic field structure.
Accounting for some of these, Werhahn et al. (2021b) find some
small-scale substructures for the distribution of CR energy
density. This would influence the full-resolution observations,
and may be significant for the beam-smoothed telescope-like

synthetic observations studied here. Similarly, the model by
Werhahn et al. (2021b) appears to find, at times, larger CR energy
densities at higher altitudes above the midplane than at the
midplane for intermediate radii of the disk. This could lead to a
more extended synchrotron emission with altitude. Analogously,
Ponnada et al. (2024a) show how different CR transport physics
may leave an imprint on radio synchrotron emission. Due to these
considerations, the conclusions presented in this manuscript will
benefit from further review through more sophisticated modeling
of the configuration of CR electrons in the future.

Appendix C
Telescope versus Intrinsic Scale Height Measurements

For the sake of clarity and brevity within the main text of this
manuscript, we limit our comparison of altitude scales for the
FIR versus radio emissions to their telescope-like observations.
This is motivated by the approximately equal scaling of the

telescope-like and full-resolution cases with altitude. This is
illustrated by their direct comparison in Figure 17. This figure
features, as in Figure 9, the scaling of two quantities for
different percentages of their total integrated emission. Here,
we show all the intrinsic measurements on the x-axis and the
telescope-like ones on the y-axis. Overall, in the intrinsic versus
telescope-like counterpart set of panels in Figure 17 (main
diagonal: panels (a1), (b2), (c3), and (d4)), the relations are
tighter for the radio emission, further reinforcing the idea that
synchrotron in galaxies emerges from comparable scales,
whereas the FIR is more sensitive to beam-related effects,
particularly for its polarized intensity. All the remaining
relative scalings explored in this work are preserved between
intrinsic and telescope-like, but not explicitly displayed.
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