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Exploring magnetic fields and dust grain alignment in a dwarf galaxy
MAJA RHODIN

Department of Physics and Astronomy

Chalmers University of Technology

Abstract

The nature and origin of magnetic fields in galaxies remain key questions in galactic
evolution. Much of our knowledge of these fields relies on observations of polarised
light in Milky-Way-type galaxies. In such systems, the interstellar radiation field,
magnetic field, and gas interact with dust grains causing the grains to align with the
magnetic field. This alignment gives rise to polarised dust emission, allowing the
magnetic field orientation to be mapped. However, theoretical calculations indicate
that alignment depends sensitively on the underlying properties of the interstellar
medium (ISM). This work investigates dust grain alignment in a system with differ-
ent characteristics from typical Milky Way type galaxies: the dwarf galaxy IC 10.
The dust temperatures for IC 10 is derived by fitting modified blackbody (MBB)
models to data from the Herschel Spectral and Photometric Imaging Receiver (SPIRE).
Neutral atomic hydrogen (HI) column densities produced from the Very Large Ar-
ray (VLA) are used as an estimate of the gas column densities in the galaxy, and
other relevant ISM properties such as magnetic field strengths were collected from
the literature to enter the radiative alignment torque (RAT) calculations. Times-
cales for dust grain alignment with the magnetic and radiation fields respectively
(B-RAT and k-RAT) are calculated, along with the timescale of gas damping effects
on the dust grains. Timescales of these processes are calculated for different grain
sizes. Additional constraints are calculated with a numerical iteration method on
the grain size range that permits alignment by implementing the criterions on dust
suprathermal rotation and radiative torque disruption (RAT-D).

RAT induced dust grain alignment is found to be possible under the ISM conditions
of IC 10 and that B-RAT dominates throughout the investigated regions. Grain
alignment in IC 10 operates similarly to how it does in the Milky Way-like galaxy
Mb51. The radiation field plays a key role in determining the radiative torque ef-
ficiency (Qr) and in regulating grain disruption. The absence of reliably detected
polarised emission in parts of the galaxy does not therefore necessarily imply the
absence of aligned dust grains in those regions. Our calculations predict significant
variations in the sizes of aligned grains across 1C10, which can be tested by optical
polarimetry in the future.

Keywords: polarisation, interstellar medium, dwarf galaxies, dust, magnetic fields
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1

Introduction

1.1 Magnetic fields and dust-grain alignment

Magnetic fields are one of the fundamental components of the interstellar medium
(ISM) [4]. They influence the motion of charged particles, affect the transport of
cosmic rays, and may play an important role in regulating processes such as star
formation and the evolution of galaxies [5]. Despite their importance, magnetic
fields cannot be observed directly. Instead, their presence and structure must be
inferred through their interaction with other components of the ISM.

One of the most powerful methods for tracing magnetic fields relies on the polarisa-
tion of interstellar light. In the infrared (IR) and submillimetre regimes, polarisation
arises because interstellar dust grains of generally asymmetric shapes will tend to
align like a lattice with respect to the local magnetic field. As a result, the thermal
emission from the grains becomes polarised, allowing the orientation of the magnetic
field projected on the plane of the sky to be inferred from polarisation observations.
Furthermore, the optical light from stars will be filtered through this aligned dust
producing polarised light that traces the magnetic field.

The connection between polarisation and interstellar dust was established shortly
after the first detections of polarised starlight in 1949 [6, 7]. It was quickly proposed
that elongated dust grains aligned with the galactic magnetic field could explain the
observed polarisation signal. This idea set the stage for decades of theoretical and
observational research to understand how this alignment works, and what are the
driving mechanisms.

Since then, many ideas as to the exact alignment mechanism have been proposed,
revisited and tested. As observational evidence accumulated, and laboratory exper-
iments and simulations improved, many of the early candidates were proved unable
to explain the full range of observed properties (see Table 1 of the Andersson review
2015 [8]). Today, the most widely supported explanation is the theory of Radiative
Alignment Torques (RATS). It is believed to be the primary aligning mechanism
in a majority of settings. In this framework, anisotropic radiation interacts with
irregularly shaped dust grains, exerting torques that spin up the grains to supra-
thermal rotation velocities. The process can be compared to the wind acting on a
windmill, where the asymmetric grain shape allows for incident radiation to transfer
angular momentum to the grain, just like the wind transfers angular momentum to
the windmill’s rotor blades. Once the grains rotate at sufficient speeds, they are
not as easily perturbed by their surroundings and can instead become aligned with
respect to the local magnetic field.
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Historically, grain alignment has been studied up to great detail in the Milky Way
and other Milky Way-type galaxies (see the review by Andersson et al., 2015 [8]).
Even though RAT theory has been highly successful in explaining many observa-
tions, it predicts that the dust grain alignment to magnetic field has a delicate de-
pendence on the underlying conditions of the ISM. As a result, the efficiency of grain
alignment can vary significantly between different astrophysical environments [9].

Atypical ISM environments are thus an ideal laboratory for testing the effectiveness
of RAT alignment. So far, the most ’extreme’ interstellar environment where RATs
have been tested is a star-forming region in the LMC (Tram et al. [10]). In this
work, we wish to explore whether and how grain alignment can occur over different
regions in a galaxy that is very different from the Milky Way.

1.2 Research subject: the dwarf galaxy IC 10

The subject of this study is the dwarf galaxy IC 10, located in the constellation
Cassiopeia at a distance of approximately 0.7 Mpc from the Sun [11]. Tt is the nearest
starburst galaxy in the Local Group [12]. Its apparent angular size is 6.8 x 5.9/,
corresponding to an optical diameter of approximately 3.81 kpc [13]. In addition to
its stellar body, IC 10 is embedded in an wide envelope of neutral hydrogen gas,
spanning roughly 68’ x 80" on the sky [14]. Morphologically, IC 10 is classified as an
irregular dwarf galaxy and it is characterised by a relatively high star formation rate,
estimated to be ~ 0.04-0.08 M, yr~! [14]. Observations of Ha reveal strong emission
regions throughout the galaxy, particularly in the south eastern (astronomical left)
region highlighted in Figure 1.1. Since Ha emission traces recombination in ionised
hydrogen that has recently been produced by young, massive stars, it is consistent
with the classification of IC 10 as a starburst galaxy [15]. Furthermore, IC 10
has a relatively low metallicity, approximately Z =~ 0.2 Z, [15], implying a lower
abundance of heavy elements and dust grains compared to the Milky Way.
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59°16'30"

15'30"

0"20m42° 39° 36° 33 o"20m40°

Figure 1.1: Different views of IC 10. To the left, zoomed-in view showing the
stellar component of IC 10 (blue colours) and the Ha emission over the central
star-forming region (red) (source: Hubble Space Telescope). To the right, ionized
gas traced by Ha emission in the optical (source: Palomar telescope). The green
squares mark the south eastern region of strong Ha emission.

This irregular morphology and its stellar mass of 6.7 — 8.1 x 10® M, [16], which is
relative to the larger Milky Way type galaxies, creates a setting that differs a lot
from the ones typically investigated in grain alignment studies. Furthermore, IC 10
has been studied extensively across a wide range of wavelengths, from the radio
to the optical. As a result, many of its large scale properties, including magnetic
field strengths, gas densities, and star formation characteristics, are well known [17].
IC 10 therefore provides a unique setting for investigating ISM conditions that differ
substantially from those of typical Milky-Way-type galaxies.

1.3 Report structure

This thesis is organised as follows. Chapter 2 introduces the theoretical frame-
work underlying dust grain alignment, polarisation, radiative torques, and grain
disruption. Chapter 3 first presents the full observation of polarised light from the
Stratospheric Observatory for Infrared Astronomy (SOFIA) and the extraction of
reliable polarisation data from the observation. It then describes the full derivation
of the dust temperature and gas column density maps from Herschel observations.
Finally, it presents the observational data and environmental parameters adopted
for M51 and IC 10, along with the numerical methods used to calculate alignment
and disruption timescales, angular velocities, and characteristic grain size limits.
The resulting dust temperature map, the timescale calculations and grain size con-
straints are presented in Chapter 4. Chapter 5 discusses the implications of the
results in the context of grain alignment theory and the polarisation observations.
Finally, Chapter 6 summarises the main conclusions of this work and outlines pos-
sible directions for future investigations.


https://science.nasa.gov/mission/hubble/
https://sites.astro.caltech.edu/palomar/homepage.html
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Theory

This chapter presents the necessary theoretical background for this thesis. An intro-
duction to astronomical polarimetry along with relevant parameters are first presen-
ted in Section 2.1. Section 2.2 then describes interstellar dust grains and their roll
in the interstellar medium (ISM). In Section 2.3, the theory of Radiative Alignment
Torques (RATS) is presented.

2.1 Polarimetry

Polarised light is observed in many galaxies, and commonly follows macroscopic
patterns over the galaxies. The polarised light is formed when stellar radiation is
reddened by the ISM, and some parts, namely the asymmetric dust particles, absorb
and re-emit the stellar light more along one of its sides than the other. When
the grains have one side that is tangibly larger than the other in its orientation
perpendicular to the stellar radiation, the longer side can absorb more light than
its shorter side. The reemitted light will then also have greater intensity from the
grains long side and less intensity from its short side [1].

The light is then partially plane polarised and can be measured with an astronomical
polarimeter. This device measures the linear intensity of the light at different angles
and finds a maximum and minimum intensity, I,.x and I, at two orthogonal
angles. The degree of polarisation of the radiation is defined as

[max - ]min
_— 2.1
[max + Imin ( )

To fully describe the characteristics of the polarised light, namely its ellipticity and
orientation in the sky, the measured data can be expressed in a set of parameters
called the Stokes parameters I, Q, U and V. For plane polarised light, which is the
most common form of interstellar polarisation, the Stokes parameters are given by

I = Inax + Inin,

Q = pT cos(26) cos(2x),
U = pl sin(2¢) cos(2),
V = pIsin(2y),

(2.2)

where v is the polarisation angle and x is the ellipticity angle (see Figure 2.1
(right)) [1]. A visual representation of the orientations of polarising filters that
go into the measurement of each Stokes parameter is shown in Figure 2.1 (left).
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4 t— - —
1 Q L_ |
NS OO \
U %

Figure 2.1: Stokes parameters as they are calculated from six polarisation filters
to the left, and the definition of the polarisation angle 1) and the ellipticity angle y
to the right.

It is with these parameters that polarised radiation can be traced over entire galax-
ies, and by extension the patterns they form. A common way of presenting the
polarisation in a galaxy is to draw the linear polarisation vectors at each point. The
polarisation vectors length and orientation are determined by the degree of polar-
isation (determined by x) and by ¢. An example of linear polarisation distribution
in the Milky Way is presented in Figure 2.2.

60

[
o

Galactic Latitude
o

©»
=1

-60

Galactic Longitude

Figure 2.2: Distribution of linear polarisation vectors in galactic coordinates in the
Milky Way. The length and orientation of each vector represents the polarisation
degree and position angle for a star at that location. This figure is taken from
Whittet (2003) [1].

In this Figure, we can see large patterns stretching across the whole galaxy as well
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2. Theory

as smaller, more locally dominating patterns and chaos. The large-scale ordered
pattern seen along the plane of the Galaxy, traces the ordered component of the
magnetic field which we now know is parallel to the disk of the Galaxy. Smaller-
scale random patterns are seen typically around star-forming regions, where gravity,
turbulence, and stellar feedback shape the magnetic field lines. The complexity
of the ISM conditions can already be deduced by these stark variations. In the
next subchapters, we discuss how the ISM components such as the radiation and
magnetic fields interact with the gas and dust grains to produce the phenomenon of
grain alignment and hence the observed polarisation.

2.2 Grain model and properties

We know that the grains align systematically, with their shortest axis, that is their
axis of largest moment of inertia, along the field lines of the galactic magnetic
field. This gives us clues on the dust grains’ composition letting it interact with the
magnetic field, their physical structure and size. It also reveals what environmental
conditions they are exposed to, and of their consequent dynamics that allows for
the alignment to happen.

The materials that are believed to make up the dust in the ISM consist of elements
that are not very common in the gas phase. Assuming that the ISM has a closely
similar composition to that observed in the solar photosphere, the primary dust
grain building blocks that are locked away in interstellar dust are C, O, Mg, Si, S
and Fe [18]. These elements form many different materials that can generally be
catalogued in two groups of materials: silicates and carbons [18] [19]. The exact
composition of these elements is an entire field of research in itself. In studies of
grain alignment, the assumed overall composition of the grains is most commonly
that of MgFeSiO4. This is a crystalline material in the olivine structural family. Due
to its inclusion of Fe, the material is paramagnetic and can interact with external
magnetic fields.

It is common to model the dust grains as having an entirely oblate spheroidal shape,
a1 < as = az, where a; is the size along the semi-minor axis a; and as is the size
along their semi-major axis a, and ay L as, see Figure 2.3. The ratio of its sides have
a best-fit of s = a;/as = 2/3 (e.g. Draine & Hensley [20]). Because ay describes the
broad side of the grains, it is referred to as the grain size a = a».
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>

€1

Figure 2.3: Definition of the grain body coordinate system (a;, a2, az) in an
arbitrary Cartesian coordinate system (&, éa, é3). G; correspond to the semi-minor
axis, short axis, of the grain while a5 and a3 are the long axis of the oblate grain.

For models that include these types of silicates, the size distribution of the grains is
a power law, dn/da a~3% within the range of possible grain sizes, min < @ < Gmax-
The smallest grains have a minimum size of around a,;,;, >~ 0.005 pm, and the largest
grains reach a size up to amax ~ 0.02 um [21].

Because the dust grains in the ISM are systematically aligned to some external field,
their kinetic energy will not be in equilibrium with the gas kinetic energy. Otherwise
their rotational excitation would be dominated by random collisions with the gas.
Due to its randomness, would be Brownian in nature and thus unable to give the
grains a consistently big enough angular momentum that it can, stabilise the grains.
The grains will tumble and be unable to align around any consistent axis. In order
for the grains to obtain a stable and fixed angular momentum, they need to rotate
at suprathermal rates at which Ty, > Ty,s, so that it is not perturbed by thermal
noise [18]. It turns out that grains achieve these rotation rates by transfer of angular
momentum from stellar radiation to the grains as the field acts on them with a stable
radiation torque. This torque will not only spin up the grains to the suprathermal
speeds, but it will also if large enough cause the grains to change their direction.

8
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2.3 RAT theory

The first part of this Section 2.3.1, presents a simplified derivation of the radiative
torque based on the discrete dipole approximation. The full external grain dynam-
ics are then put in the perspective of external torques with the equation of motion
in Section 2.3.2, after which the external torques are explained one by one in Sec-
tion 2.3.3. Finally, the minimum size limit for grains to be aligned, and the upper
size limit not to be disrupted by the spin-induced internal stress, are presented based
on rotation criteria in Section 2.3.4.

2.3.1 Radiative torque derivation with the discrete dipole
approximation

General reference to this section: the article Radiative Torques on Interstellar Grains:
L. Superthermal Spinup, by B. T. Draine (1997).

We wish to describe the radiation fields and their effect on polarisable components
in grains in general terms and adapt the discrete dipole approximation (DDA). In
this framework, we approximate the target grain to be a grid of polarisable points,
placed at r; and with electric polarisability «;, and letting the space between the
points be vacuum.

We let the grain be hit with monochromatic light of wavelength wy and with propaga-
tion vector k = kk where k = wy /c. The incident electromagnetic field on each
lattice point j will be

Einc,j - Einc,() ei(k~rj—wot) (23)
Binc,j - Binc,O ei(k~rj—w0t) (24)
Bineo = k x Einepo- (2.5)

All points will become polarised from the imposing electric field and each gain a
dipole moment

pj = a; Ej. (2.6)

Each point will then also be affected by a scattering field created by all its neigh-
bouring points we call [, Esca j = E(r;;, p1)i12;- Thus the total electromagnetic field
on each point 7 will stem from the incident field and from all dipoles except for j,

Ej = Einc,j + Esca,j (27)

and likewise
B; = Bjyc,j + Bsca,j- (2.8)

The electromagnetic field will produce an instantaneous force on the point dipole
J, Fj. The total radiative force on the body, Fraq = >°; Fj can in a corresponding
manner to the field be divided into components,
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Frad = Enc + Fsca- (29)

Taking time average of each component,

<Frad> = <Enc> + <Fsca>7 (21())
we can show that the first component is equal to
1 ~
<-Finc> = 7Cext|Einc,0|2k (2.11)
8

where Ceyt is the total extinction correction on the grain, so that it describes the
average rate at which the incident field loses its momentum. (Fy.,) can be thought of
simply as the recoil effect on the grain due to the scattered radiation. To simplify and
generalise the radiation force, we can introduce a dimensionless radiation pressure
efficiency vector we call Qpy, so that the radiation pressure force can be rewritten

’Emco‘
(Fraq) = Qprwa o (2.12)

Qpr Will then contain all the constraints from the grain orientation relative to the
incident radiation direction that will determine the efficiency of the radiation pres-
sure on the grain. What is enough for the intuition of this vector is that the quantity
Qp: k will be equal to Qpr = Cpr/ma2g where Cp, is the classical radiation pressure
cross section

Cpr = Cabs + (1 + (c0s0))Csca (2.13)

where (cos #) is the mean value of cos 6 of scattered radiation for scattering angle 6.
The radiation field will produce an instantaneous radiative torque on the grain that
can be expressed

N N
| R er x Fj + ZRe(pj) x Re(E;). (2.14)

i=1 j=1
Like the radiative force too can be divided into an incident and scattered component

Frad = Finc + I‘sca (215>

and similarly, the time averaged torque can be calculated and simplified with a
corresponding torque efficiency vector Qr,

‘E1n00|
< rad> QI‘ﬂ-aeﬁ‘ ST L

where uy = |Eipco|?/87 is the time-averaged energy density of the incident radiation
of wavelength .

Specifying this to the radiation from stars, we want to both average the relevant
torque components over the entire wavelength spectrum, so called spectral averaging,
and directly account for the anisotropy of the radiation field. We define

A
2 iy —Qr. 2.16
mefqu%Qr (2.16)

Uragd = /U)\d>\ (217)

10
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as the total starlight energy density, and take the spectral average of the wavelengths
and the torque efficiency factor

[ AuxdA

A= - (2.18)
(Qr)x = _ {QraundA (2.19)
Urad

where (), here indicates spectral averaging.

In the presence of a stellar radiation field, the grains will experience a net force, and
thus a net torque, from the unidirectional part of the radiation field. This can be
accounted for by a factor v that describes the amount of anisotropy in u,.q. The
radiation field anisotropy varies between 0 < v < 1. In the diffuse ISM where there
is high isotropy v ~ 0.1, in molecular clouds the anisotropy is greater so v ~ 0.7,
and near protostars v < 1.

The torque on the grains due to the unidirectional radiation field will then be [22]

Frad 7T'aefff}/u?"ad <QF> (220)

The torque efficiency factor Qr encompasses the different effects the torque will
have on the grain as it transfers angular momentum from the radiation field to the
grain. This will enable the torque to both dampen or increase J, spin up the grains
rotation rate, and change the grains orientation.

2.3.2 The dust grain equation of motion

When the grains are internally aligned they will preserve their angular momentum,
and their angular velocity can be written as w = wé;. Because their momentum is
preserved, the grains will adapt their motion and position in space to the external
torques that affect them

Z Fz = 1-‘B + 1-‘rad + Fdrag> (221)

namely from the magnetic field, radiation field and from the gas drag. Newton’s
second law can be written in spherical coordinates as

pris G w sin ( } Z T, (2.22)

where [ is the grains largest moment of inertia along its semi-minor axis a,

8w
I = 1—5,05@5 (2.23)

where p = pg; is the mass density of the silicate grains. The full grain orientation
is presented in Figure 2.4.

11
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- 0>
il V)

é3
Figure 2.4: Grain orientation showing the grain rotation/alignment coordinates &
and ¢. By is the static magnetic field, k is the uniform and static radiation field
direction, where v is the angle between B and k.

All torques will have some component that is perpendicular to J. This component
will cause the angular momentum, and by extension the grain’s short axis, to precess
the external field responsible for the torque. It is the rate of these precessions that
will determine which of the external fields the grains will choose to align to. The
grains will only end up properly noticing the field that it precesses the fastest, i.e.
that has the shortest precession timescale, and will over time align itself to. The
alignment to each field are called Radiative Alignment Torques, and are each called
B-RAT, k-RAT.

We will now look closer at these candidate torques in turn.

2.3.3 The external alignment torques

In this section the three external torques are presented. First the Barnett induces
Larmor precession of grains around a magnetic field (B-RAT), then the radiative
precession torque around the radiation field (k-RAT), and finally the torque from
random gas collisions causing drag on the grains.

2.3.3.1 B-RAT, Barnett induced Larmor precession

Because the silicate material is paramagnetic, the grains will acquire a magnetic
moment when they are spun up. If the grains have a non-zero surface charge, the
spinning grain can produce a surface current and thus a magnetic moment that
way. There is however a second way the grains can gain an even greater magnetic

12
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moment, from what is called Barnett magnetisation, and relies on the material
containing unpaired electrons [23].

The silicate material we model has embedded Fe ions, either Fe?* or Fe?*, that
provide unpaired 3d electrons. Each electron will have a magnetic moment p =
pip where pp is the Bohr magneton, and p is the effective moment per iron atom
depending on the spin quantum numbers S and L of the electrons in the outer
partially filled iron shells [24],

p=1/L(L+1)+25(5 +1). (2.24)

The silicates can contain either Fe?t (°Dy) or Fe** (°S5;/5), which have respective
effective moments 5.9 and 5.5. It is customary to average to the lower of the two.
It’s either this, or L is excluded from the calculation, and p ~ 4.9 for Fe3*, and then
the average of the two is taken as is.

The grains will be paramagnetic if the material, including the iron atoms, are dif-
fusely distributed in the grains. This type of paramagnetic material will have a
susceptibility as given by Curie’s law [25]

2
Tpl
= . 2.2
X0) = (229

where n, = f, ng is the number of iron ("paramagnetic"') atoms as ng; is the total
silicate material number density and f, = 7 is the fraction of iron atoms in the
material (SiMgFeOy,), kp is the Boltzmann constant and Ty is the temperature of
the dust grains,

When the grain rotates, the free electrons in the material will tend to align their spin
with w in order to lower the systems rotational energy. This is called paramagnetic
relaxation and will produce a net magnetic moment g that is both proportional and
parallel to the grains angular velocity. This is called Barnett magnetisation, and

the final magnetic moment that is induced on an oblate grain of volume V' = %”sa?’
is given by
0)Vw
HBar = X(r; (226>

where 7. is the gyromagnetic ratio for electrons. Here, the full expression for the
ratio is used,

Ye = —Ye (2_77;8) (227)

where e is the electron charge, m, is the electron mass and g, ~ 2.0000470203511 is
the g-factor for electrons (NIST CODATA).
The interaction between the Barnett induced magnetic moment with an external
magnetic field B is governed by the torque

FB - [_ HBar X B:| = _||lJ’Bar” B Sln(&) q?) (228>

This torque is along the direction perpendicular to J (see Figure 2.4) and is thus
the component in the equation of motion that causes the precession of J around B.
Excluding all other torques,

13
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Imminf(fif) d;‘B:Ilw SianLarqﬁzf‘B-g& (2.29)

The Larmor precession timescale, 71, for the precession of dust grains around the
magnetic field B is thus given by

2w 2w liw

TLar = = . (2.30)
‘QLar| ||NBar||B
The timescales full variable dependence can be written as
psii T o
. —% a2 2.31
Tlar & Ngil fpp2 B ¢ ( )

2.3.3.2 k-RAT

As mentioned in Section 2.3.2, the radiative torque will have a component that
is perpendicular to the angular momentum J. If the precession torque is much
stronger than the other external torques, the grain will precess the radiation field k
according to

o d s A
[1 % sm({) dfgb J - Frat . d) = Fk,perCa (232)

where I'y perc is the radiative torque component perpendicular to J:

2 3 2 Y

VUpad Qg A~ ~ Y Upad Qo A

Fk,perc = % QF : ¢ = % <Q63>)\- (233)

For unpolarised light, unpolarised light will only produce this third torque com-

ponent on the spheroid grain, characterised by the third efficiency component ().,

while the other two vanish (see Chapter 9, Hoang 2007a [26]). (.3 will therefore
encompass the entire efficiency of the precession torque and can be expressed as

A A
2.33 () , for — < 1.8,
Qes = a i (2.34)
0.4, for — > 1.8.
a

where all and any geometric factors are baked into the efficiency component Q.3 [3].
The spectral average of this parameter can be calculated by inserting (.3 from
Equation 2.34 into Equation 2.19.

The precession velocity around the radiative field then becomes

Fk perc
erc — : 2.35

where [; is the oblate grains greatest moment of inertia and wr is the thermal
angular velocity

 2kgT,

. (2.36)

wr
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The full timescale is then

27 Adrlw
Tk-RAT = = 5 = : (2.37)
Wipere Y Urad Gog A {Qes)x

The k-RAT timescale is often parametrised as simply

27T[1LUT

B Y Urad agff 5\ <Q63>x\ .

This version of the torque was used by Lopez-Rodriguez et al. [27] and Tazaki et
al. [9], based on the estimate of the timescale by Lazarian and Hoang in 2007 [26]".
In this paper, I will use the full expression in Equation 2.37 and have in mind the
expected offset by 2 in the upcoming analysis. The full parameter dependence of
the radiative torque is this

p1/2 5—1/6 g1/2 Tg1/2

(2.39)

Tk-RAT X =
Y Urad A Qe3

2.3.3.3 Gas drag

The gas damping torque describes the rotational drag exerted on the dust grains by
collisions with surrounding gas particles. It will compete against the RAT spin-up
and determine of the grains can reach suprathermal rotations. As gas atoms and
molecules continuously collide with a grain, the collisions remove angular momentum
J from the grain and oppose its rotation.

The derivation therefore relies on the Fluctuation-dissipation theorem and that in
the absence of other physical processes, the grains will tend to establish thermal
equilibrium, T¢,. It assumes that the grains rotate thermally and on dividing the
derivation into two processes, that the gas particles first stick at collision and then
evaporate thermally from the grains. The full two-part derivation was first done by
Roberge 1993 (see Appendix A-C [28]).

The rotational damping is written as an exponential decay of the angular momentum

dJ ]

dt Tyas

(2.40)

where 7,4, is the damping timescale. The mean torque about the major axis of
inertia is in this relation given by

<Ar>c+ev = _P/Tgas (241)

from which the gas damping time can be derived to be [28]

2 IkpTh
as — 2.42
Tg <Ar>c+ev ( )

!This was confirmed to be just an estimate and not the fully accurate expression for the k-RAT
timescale in private communication with Professor Hoang on the 22nd of April, 2026.
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where 7., will be the gas temperature 7,. For our grain model, the characteristic
damping time of an oblate spheroidal grain for rotation along the parallel direction
of the gas flow to the grain symmetry axis a; is given by

3 L
.= 2.43
& 4\/7_T nH1+H11mgasvtha4FH ( )

where ng gy is the gas volume density, mg,s = myp is the mean gas mass, and
v = (2kgT,/ mH)l/ 2 is the grain thermal velocity. ') is a geometrical factor de-
pendent on the grain shape factor s.

A parametrised estimate of the timescale is

psa

Tgas X

. (2.44)
NH1+Hu Tgl/2 F||

2.3.4 Grain alignment and disruption (RAT-D)

We can assume that the radiation sources have constant luminosity, so that the
radiative torques are constant in time. From the equation of motion, this fixes
the angular velocity derivative to be constant. The angular velocity will therefore
accelerate at a constant pace determined by the radiative torque strength I'rar and
the full gas damping time Tyqmy [3]

FRAT Tdamp
L '

The damping time will depend on the gas damping derived in Section 2.3.3.3 as well
as the dust grains’ own rotational damping in the form of infrared (IR) emission.
The IR photons will take with them part of the grains’ angular momentum. The
rotational damping caused by this IR emission can be expressed as a factor 1/Fig
of the gas damping: 75! = Fir 7.t

)T () () ()
Fip ~ 0.4 _° 2.46
R (uISRF) 10-5cm 30 cm—3 100K (2.46)

where the terms in parentheses are normalisations of the parameter dependen-
cies [29]. The total damping by gas collisions and excitation of IR photons can
therefore be expressed as

WRAT — (245)

T(I&&Ilp = TgTal (1 + FIR) < Tdamp = & (247)

(1 -+ F[R).

2.3.4.1 Alignment criterion

As was mentioned in Section 2.3.3.3, alignment can first take place when RAT are
strong enough to suppress the effects of the damping on the grains. The grains
will then leave thermal equilibrium with their environment and reach suprathermal
rotation. This criterion can simply be expressed as

WRAT > Wih- (2.48)
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where wy, = (kgT,/1;)/?. As both velocities depend on the grain size a, the criterion
can give a minimum grain size at which the grains are large enough for the RAT spin
up to overcome the rotational damping, making it possible for the grains to align,
Qalign- A usual limit at which the spin up is possible is usually set to wrar = 3win [3].

2.3.4.2 RAT disruption limit, RAT-D

As the grains spin up they will develop a centrifugal stress S = pa?w?/4. The grains
will stick together by their internal tensile strength counteracting the stress, which
however will have an upper stress limit at which the grains will break apart. We
call this maximum stress tolerance limit S,,qz.

As the grains are accelerated by the RAT, they will spin up to a velocity at which
the grains can no longer keep together and will disrupt. This disruption velocity
limit is given by

2 Smax 1/2
Wdisr = ( > . (249)
a\ p

The nature of S,,4, for dust in the ISM is difficult to determine, as the structure and
composition of the dust grains likely depends on many factors in their environment.
In Lopez-Rodriguez 2024 [27], they estimate that the tensile strength will be weaker
in the denser regions of the ISM a due to the turbulent environment, possibly leading
to a more complex and unstable composition of the grains. They likewise estimate
that the diffuse medium may allow for a more compact and stable composition, and
thus a higher tensile strength.

By finding at which grain size a the angular momentum due to RAT exceeds the
velocity threshold for disruption, one can estimate a maximum size for grains to be
aligned without risking disruption. It will also tell us about the size distribution in
that environment.
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Methodology

This chapter describes the observational data and methods used to study the magnetic-
field structure and dust properties of IC 10. Section 3.1 presents the polarimetric
data from the Stratospheric Observatory for Infrared Astronomy (SOFIA) and the
construction of the polarisation map. Section 3.2 describes the Herschel data reduc-
tion and modified blackbody fitting used to derive the dust temperature and gas-
column-density maps. Section 3.3 describes the radiative alignment torque (RAT)
calculations used to estimate the external alignment timescales and grain-size align-
ment limits introduced in Section 2.3.

3.1 Polarisation vector maps

The magnetic-field morphology of IC 10 was studied using High-resolution Air-
borne Wideband Camera Plus (HAWC+) polarisation data from the Survey on
extragALactic magnetiSm with SOFIA (SALSA; Lopez-Rodriguez et al., 2022 [30]).
The dataset has a passband centre in the FIR at 155pum and covers an area of
8.1 x 7.6’ on the sky, with a pixel scale of 6.93arcsec per pixel (70 x 66 pixels
in total). It therefore traces thermal emission from dust grains. As is commonly
assumed that the dust grains are aligned according to B-RAT, the polarisation ori-
entation is perpendicular to the magnetic field direction. The polarisation vectors
were therefore rotated by 90°.

The polarisation data were selected using several common but conservative quality
cuts [10]. The signal-to-noise ratio of the polarisation flux, P, was required to
satisfy P/op > 3, and the debiased degree of polarisation was given an upper limit of
p < 15%. Only the polarisation measurements satisfying the adopted signal-to-noise
and quality-selection criteria were retained. This filtering was necessary because the
HAWCH+ coverage of IC 10 contains a limited number of independent polarisation
detections, and unreliable vectors can strongly affect the inferred magnetic field
morphology. The cut made on the data is shown in Figure 3.1

The final polarisation vector map is shown in Figure 3.1 (right panel) with the
polarisation intensity as the backdrop. A corresponding map of the inferred magnetic
field orientation (rotated by 90°) is shown against the Stokes I (left panel). These
maps are used in the alignment analysis to compare the magnetic field geometry
with the dust emission and derived ISM properties.
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Figure 3.1: The remaining pixels after selection based on the signal-to-noise ratio
requirement P/op > 3 and the general polarisation upper degree limit p < 15%.
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Figure 3.2: Inferred magnetic-field lines (left) and polarisation vectors (right) on
IC 10 at 155pum. The background maps are Stokes I (left) and polarisation flux
(right) in units Jy/arcsec?. The vectors in both maps are selected from the quality
cuts of P/op > 3 and p < 15%.
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3.2 Deriving dust temperature and column dens-
ity maps from Herschel observations

To investigate how the magnetic-field structure and dust-grain properties are related
to the physical conditions of the interstellar medium (ISM) in IC 10, maps of the
dust temperature and gas column density were derived from far-infrared (FIR) ob-
servations obtained with Herschel. These maps were produced by fitting a modified
blackbody (MBB) model to the observed spectral energy distribution (SED) in each
pixel.

Section 3.2.1 introduces the Photodetector Array Camera and Spectrometer (PACS)
and Spectral and Photometric Imaging Receiver (SPIRE) observations used in the
analysis. The data preparation, including unit conversion, convolution to a com-
mon angular resolution, and reprojection onto a common grid, is described in Sec-
tion 3.2.2. The MBB fitting procedure used to derive the dust temperature and
gas column density is presented in Section 3.2.3, while the implementation of colour
corrections is discussed in Section 3.2.4. The colour corrected intensity maps are
then compared with inferred intensities from Planck observations in Section 3.2.5 to
determine the reliability of the fully prepared data sets. Finally, in Section 3.2.6, the
resulting gas column density map is compared with direct measurements of neutral
hydrogen from the Karl G. Jansky Very Large Array (VLA).

3.2.1 Herschel PACS and SPIRE observations

The analysis is based on observations obtained with the PACS and SPIRE instru-
ments aboard Herschel, covering wavelengths from 70 pm to 500 pm. The maps were
downloaded from the Herschel Science Archive. The exact selection is presented in
Appendix 7.

For the PACS observations, we used the JScanam maps processed to Level 2.5 in the
PACS pipeline [31]. Although Level 3.0 products were also available, the Level 2.5
maps were adopted as they provided science-ready products while avoiding potential
large-scale artefacts in the surroundings of the galaxy. Since PACS products from
Level 2 onward are considered suitable for scientific analysis, the Level 2.5 maps were
deemed sufficient for the present work. A full description of the PACS calibration
pipeline is provided in the PACS Products guide [31].

The PACS 160 pm maps are produced in parallel with both of the shorter wavelengths
PACS observations. For this analysis, the PACS 160 pm map associated with the
100 pm observation was adopted. The final selected PACS maps are shown in their
original frame in Figure 3.3.

For the SPIRE observations, we use the extended-source calibrated maps. These
products are labelled short, medium or long (S, M, L) according to their wavelength,
with SPIRE covering the bands 250 pm, 350 pm and 500 pm. Level 2 calibrated
extended source maps were selected following the suggestion of the "Extended source
photometry (starting from extended source maps)" recipe described in Section 5.12
of the SPIRE Handbook [32]. The selected SPIRE maps are shown in their original
frame in Figure 3.4

It is worth noting that the Herschel SPIRE 250 pm map shows large-scale diffuse
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Figure 3.3: Selected Herschel PACS maps of IC 10 at 70 pm, 100 pm, and 160 pm.
All maps are Level 2.5 JScanam products. The 160 pm map was selected from the
data set of the 100 pm observation.
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Figure 3.4: Selected Herschel SPIRE maps of IC 10 at 250 pm, 350 pm and 500 pm.
The maps are Level 2 extended source calibrated products.

emission around IC 10. This is likely dominated by Galactic foreground contamin-
ation from the Milky Way, and is therefore taken into account when assessing the
reliability of the derived maps.

3.2.2 Data preparation

The Herschel images cover a field of view larger than the angular extent of 1C 10.
The data preparation procedure is partly based on the extended source photometry
recipe described in Section 5.12.1 of the SPIRE Handbook [32].

The PACS maps were first converted to the same surface-brightness units as the
SPIRE maps, from Jy/pixel to MJy/sr. All data sets were then convolved to a
common resolution corresponding to the least resolved Herschel band, namely the
SPIRE 500 pm map with a full width at half maximum (FWHM) of 36 arcsec .

For the SPIRE maps, their point-spread functions are all approximately Gaussian, so
the convolution to the 500 pm resolution could be performed using a two-dimensional
Gaussian kernel from the astropy package [33]. The PACS point-spread functions
are not as well described by simple Gaussian profiles, so these maps were convolved
using dedicated convolution kernels designed to convolve each specific PACS beam
to the 500 pm beam. The kernels were taken from the Astronomical Convolution-
kernel repository and their construction is described by Aniano et al. [34].

As the final preparation step, the Herschel maps were reprojected onto the grid of the
SPIRE 500 pm map using the reproject Python package [35]. This produced a set
of maps with consistent units, angular resolution, and pixel grid. These could then
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be used to derive the dust temperature and gas column density through pixel-by-
pixel spectral energy distribution (SED) fitting with a modified blackbody (MBB)
model.

3.2.3 Modified blackbody fitting

Assuming that the dust is in thermal equilibrium, the far-infrared dust emission
could be modelled as optically thin modified blackbody emission. Following Shirley
et al. (2026) [36], the specific intensity at a frequency v, given a reference frequency
Vg, can be written

I, = B(Ty, v) (;)ﬂr (3.1)

0

where B(T}y,v) is the Planck function at dust equilibrium temperature Ty, § is the
emissivity index and 7, is the optical depth of the dust at the reference frequency.
A suitable model for the optical depth is to express it as the product of the average
dust absorption mass opacity x,, and the dust surface density ¥4

T = Ky 2d- (3.2)

The mass surface density > is related to the gas column density Ny by a dust-to-gas
ratio Ryq of the surface densities

Xg _ i Ny
Ryq Rgq

S = (3-3)
where my is the hydrogen atomic mass and p is the mean gas mass. The gas column
density can then be directly related to 7,, by

Ed R — Tyg Rgd
! pmp a Rught
The full SED fitting procedure to a modified blackbody in Equation 3.1 is described
in the rest of this section. Additional analysis steps are described in the following
sections.
The IC 10 has a low metallicity of only 1/4 solar metallicity [12] and so the transition
of atomic gas to molecular will require a higher column density than that in the
Milky Way. In the Milky Way the transition happens at column densities of a few
times 10?° cm =2 [37], and in the IC 10 environment, it will happen at a few times
10*' cm™2 [38]. In the VLA map of the neutral hydrogen gas column density in
Figure 3.10, the HI column density is mostly around 10*!' cm 2. We therefore assume
that the gas is mostly atomic, since it would not be above the HI-H, transition
column density for low metallicity gas. The mean gas mass is therefore set to
1= 1.4 for atomic gas.
With the Herschel maps with different wavelengths (Figures 3.3 and 3.4), we per-
formed the non-linear least-squares fitting using the 1mfit package [39]. By convert-
ing the wavelengths to corresponding frequencies, we fitted 7; and 7,,, in Equation 3.1
over the intensities at each set of frequency values for every pixel in the sky map,

(3.4)
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Figure 3.5: The Planck Generalized Needlet Internal Linear Combination
(GNILC) spectral-index map, 3, for IC 10, reprojected onto the Herschel SPIRE
500 pm grid.

keeping [ fixed for each pixel. Finally, the gas column density could be retrieved us-
ing Equation 3.4. For this work, the adopted reference frequency was 1y = 1000 GHz
and the opacity was set to that of the Milky Way dust, r,, = 10cm? g~! (see Shirley
et al. [36], Figure 12). The gas-to-dust ratio in IC 10 is Ryq = 475 [40].

The thermal dust emission continuum has earlier been modelled as a modified black-
body spectrum. Early works with low resolution data showed indications of an un-
usually low emissivity index  ~ 0.5 [41]. However, when the co-existence of cold
and warm dust components was taken into account, it was shown that the data are
compatible with a more usual spectral index of 1.5. Another study assumed a typ-
ical value of 2 [17]. In this work, we use the estimates of 5 from the Planck spectral
index map, reprojected onto the SPIRE 500 um grid (see Figure 3.5). Where the
Planck map did not overlap with the Herschel maps, a default value of 1.5 was set.

3.2.4 Colour correction of Herschel fluxes

The SPIRE handbook [32] and PACS Explanatory Supplement [42] note that addi-
tional calibrations need be made on the science-ready data, when fitting the data
to for example a modified blackbody.

The Herschel bolometers measure the flux density Sg as the integral over the relevant
passband of the incident flux density weighted by the telescopes relative spectral
response function R(v) and the aperture efficiency 7(v),
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S«S _ fPassband SS(V)R(V)U(V)CZV
fPassbandR(V)n(V)dV
where Sg(v) is the in beam source flux density at the telescope aperture and incident

frequency v. The Herschel pipeline assumes from here that the source flux density
is point-like, with a spectral index «,;, = —1, and at each passband,

(3.5)

) = L) (=) (3:6)

140

for a reference frequency 1 corresponding to the frequency at the passband centre.
In order to fit the SED of a modified blackbody, the fluxes at each pixel need to
be "colour corrected" to follow the pattern of the assumed SED. For a modified
blackbody as in Equation 3.1, the intensity can be approximated to Is ~ v°B(T, v),
and so the colour correction for the extended source Keyr (T, 5,1) is derived by

fPassband v R(I/)U(V)QG./](V) dv
fPassband VIBB<T7 V) ’ R(V)U(V)Qeﬁ‘(’/) dv

Kear(T, B, 1) = VgiapipB(ﬂ Vy) X [ (3.7)

where Q.4() is the frequency dependent solid angle used for extended source cal-
culations. The colour corrected intensities are then retrieved by multiplying the
correction factor for that mbb of a specific T; and [ to the point-like intensity given
in the science-ready data set at the passband centre frequency vy,

IMBB(VO) = KCOIE(Tyﬁa Vo)fpz‘p(Vo)- (3-8)

The SPIRE Handbook provides the full list of colour corrections for fitting the
SPIRE data to modified black bodies of different temperatures and spectral index
in Chapter 5.12.3 Table 5.8 [32]. The equivalent PACS data colour corrections are
provided in its own catalogue for PACS Colour Corrections in Section 4.3 Table
3 [43]. The PACS colour corrections must be divided to the intensities, unlike how
they are multiplied for the SPIRE data.

The colour corrections were added when fitting the SED in the following manner:
First an initial MBB was fitted to the data, giving an indicator to the dust temper-
ature at that pixel. The spectral index was taken from the Planck GNILC map (see
Figure 3.5), so the colour corrections for the SPIRE and PACS bands respectively
could be picked and applied to the initial intensities. Then a new MBB fit was made
on the colour corrected Herschel intensities, giving a final temperature and opacity
map of IC 10.

Several MBB fitting configurations were explored using different combinations of the
SPIRE and PACS data sets. The inclusion of the PACS bands significantly affected
the inferred gas column density distribution, motivating a comparison between fits
performed with and without PACS data. The dust temperature and gas column
density from the MBB fit using the Herschel SPIRE maps and only the PACS
160 pm map from the PACS 100pum file are shown in Figure 3.6, and the same
properties from a fit using only the Herschel SPIRE data is presented in Figure 3.7.
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Figure 3.6: Dust temperature (left) and gas column density (right) of IC 10 inferred
by MBB SED fitting with colour corrections on the Herschel SPIRE data and the
160 pm PACS map.
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Figure 3.7: Dust temperature (left) and gas column density (right) of IC 10 in-
ferred by MBB SED fitting with colour corrections on the Herschel SPIRE data, of
wavelengths 250 pm, 350 pm and 500 pm.
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An investigation of the nature of the PACS and SPIRE maps with regard to their
background absolute intensity, and their intensity gradient in relation to the Planck
observations of IC 10 is presented in the following section.

3.2.5 Absolute intensity calibration and zero-offset correc-
tion

The Herschel SPIRE and PACS bolometers only provide the relative photometry,
but the absolute value of the maps, based on the intensity of the background, needs
to be adjusted to a common baseline.

The SPIRE maps are pre-calibrated to a common baseline using data from the
Planck telescope [44] as reference for the absolute flux level. A full description of
how this has been done is given in the SPIRE Handbook, Chapter 5.10 [32]. The
PACS maps are however not standardised in any way (see PACS Products Explained
Ch 11.2 [31]). In order to obtain the absolute fluxes of the PACS data maps, and
fit the offset to the Planck and SPIRE maps, we used the data from the Planck
telescope and followed the method used by Lombardi et al. [45] (Sec. 3.3).

Using the Planck optical-depth, temperature and spectral index maps for IC 10, the
expected fluxes at each Herschel passband could be computed using the modified
blackbody model presented in Section 3.2.3. The Herschel maps were then correlated
using the preparation procedure in Section 3.2.2 to fit the grid and resolution of the
Planck maps, with a resolution of 5arcmin [44].

Each of the Herschel PACS and SPIRE data fluxes were then linearly fitted to the
corresponding Planck expected fluxes of that wavelength according to

[E(V)Herschel-band = ay + bVI(V)Planck> (39)

where Ip(V) perschei-band 1S the spectral intensity from PACS and SPIRE at the pass-
band centre v, I(V)ppner is the inferred spectral intensity from Planck, b, is the
slope and a, is the offset between the fitted maps. The linear regression of the
PACS colour corrected data, from fitting all Herschel fields to a common MBB, to
the computed expected fluxes from the Planck maps are shown in Figure 3.8. A
comparison with the correlation between the SPIRE data, colour corrected from a
MBB fit based on only the SPIRE data, and the inferred Planck fluxes are shown
in Figure 3.9.
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Figure 3.8: Linear regression fits of the PACS colour corrected data in fitting all
Herschel PACS and SPIRE maps to a MBB of reference frequency vy = 1000 GHz,
against the inferred fluxes at the Herschel wavelengths from a MBB fit of the Planck
data at reference frequency vy = 353 GHz. The red lines show the best-fit linear
regression and the dashed black line shows would-be perfect 1:1 agreement. R is the
Pearson correlation coefficient.
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Figure 3.9: Linear regression fits of the SPIRE colour corrected data in fitting only
the Herschel SPIRE maps to a MBB of reference frequency vy = 1000 GHz, against
the inferred fluxes at the Herschel wavelengths from a MBB fit of the Planck data at
reference frequency vy = 353 GHz. The red lines show the best-fit linear regression
and the dashed black lines show would-be perfect 1:1 agreement. R is the Pearson
correlation coefficient.

From Figure 3.9, we see that SPIRE and Planck follow a common slope very close
to unity, and that the absolute offset has been compensated for, with a, being
no more than 5MJy. For the PACS files, however, the offset varies with values
up to 41.5MJy. More importantly, their relative intensities, as indicated by the
values of b,, are nowhere near 1. This means that the Planck and PACS bolometers
computed very different relative intensities, and due to the spread of the PACS
data, it becomes difficult to determine a slope. We therefore determined that the
PACS data were unreliable for MBB fitting and only used the SPIRE data to acquire
the dust temperature and gas column density maps. These maps are presented in
Figure 3.7.

The Ny map created from the SED fits to only the SPIRE data shows a physically
reasonable trend of the column density, as the density increases towards the centre
instead of dropping. The final gas column density map in Figure 3.7 is compared to
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the direct measurement of neutral hydrogen in IC 10 with the VLA in the following
section.

3.2.6 Comparison with VLA HI observations

The procedure and assumptions used to derive the gas column density in IC 10
from Herschel dust emissions are described in Section 3.2. The resulting hydrogen
column density map (/Ny) can be compared to direct observations of neutral atomic
hydrogen obtained via 21 cm line emission. The neutral hydrogen (HI) map used
in this comparison is based on observations from the Karl G. Jansky Very Large
Array (VLA; [46]). The integrated 21 cm brightness temperature is converted to HI
column density using the standard relation

Nyt [em™2] = 1.823 x 101 / Ty dv [K kms™],

which corresponds to a linear conversion factor of 1.823 x 10 K - km/s — 1cm™2.
Figure 3.10 presents a side-by-side comparison of the HI column density map derived

from the VLA observations and the Herschel-based dust modelling prediction.

NH comparison: VLA and Nerschel-SPIRE MPP
NHI VLA le21 NH (Rgq = 475) le22
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Figure 3.10: Neutral hydrogen column density directly measured from VLA 21 cm
observations (left) and indirectly inferred from Herschel dust emission (right). Both
reprojected onto the HAWC+ grid.

The VLA map shows a more pronounced spatial structure, with a peak in the
middle of the map. In contrast, the Herschel-based map exhibits a broader spatial
distribution reaching up toward the top right and a less sharply defined central peak,
though it is perceivable.

This is likely due to contamination in the Herschel data from the Milky Way, as
its bright and diffuse structure strongly suggests being the Milky Way foreground.
We therefore assume that our method overestimates the gas column density due
to the presence of Milky Way contamination. One way of estimating the level of
Milky Way contamination is to assume a constant level of Ny contributed by the
foreground (as a lower limit on the contamination). We notice that in the bottom
left part of the map, there is very little HI emission from IC10, thus any signal in
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the NH map from Herschel is likely dominated by the Milky Way. The values of the
NH map there are ~ 0.7 x 10?22cm~2. If we subtract this level from the entire map,
we get values of the Ny map closer to those of the NHI map. For example, in the
bright center of IC10, the foreground-subtracted Ny becomes ~ 0.6 x 10?!, much
closer to the NHI level of 4 x 10?! in the VLA map.

The levels of NHI imply that the gas is likely mostly atomic rather than molecular.
Indeed, the transition from atomic to molecular gas happens at column densities
of a few 10?'cm™ in low metallicity environments [38]. The presence of CO (a
molecular gas tracer) is detected only in isolated clumps, not widely over the map
(cite VLA paper again). For these reasons, it is reasonable to expect that the NHI
map from the VLA is a good tracer of the total column density of IC10. We thus
use the VLA NHI map as a proxy for NH in the RAT timescale analysis. We use
the dust temperature map from our Herschel analysis, as it shows clear morphology
associated with IC10. For this reason, we retain the assumption that the gas in the
IC 10 ISM is atomic, and use the HI map from VLA as a proxy for Ny in the RAT
time scale analysis, keeping only the T, map from the MBB fitting.
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3.3 RAT timescales and characteristic grain sizes

This section describes the methodology used to evaluate the grain alignment and
grain disruption processes in M51 and IC 10. The general procedure and the defin-
itions of the environmental regions considered in the analysis are introduced in
Section 3.3.1. Section 3.3.2 presents the adopted input parameters and relevant
assumptions that have been made, and Section 3.3.3 describes the implementation
of the timescale calculations and the procedure for determining the characteristic
alignment and disruption grain sizes in each environment.

3.3.1 General analytical procedure and environment defin-
ition
The theoretical analysis follows the methodology of Lopez-Rodriguez & Tram (2024 [27],
hereafter LR24), who evaluated grain alignment timescales in the face-on spiral
galaxy Mb51. In their study, M51 was divided into three environmental regions con-
sisting of two spiral-arm regions and one interarm region. The galactic centre was
masked out entirely. The relevant physical quantities were evaluated independently
in each region, and they assumed the silicate dust grain model with the composition
SiMgFeOy.
In this work, the timescale calculations for M51 from LR24 were first reproduced as
a validation step. The environmental parameters were estimated from the presented
field maps in the LR24 paper, and from tabulated median values from their refer-
ences. Although the approximations used do not capture the full spatial complexity
in the original analysis, they were sufficient to recover the overall behaviour of the
published timescales in M51. The full parameter selection for the M51 timescale re-
production is described in Section 3.3.2 and presented in Table 3.3. After validating
the reproduction of the M51 results, the corresponding calculations were applied to
IC 10.
Two environmental regions were defined based on the HAWC+ polarisation obser-
vations made in Section 3.1, Figure 3.1. The pixels with trustworthy polarisation
were used as mask for defining a central region where alignment is observationally
confirmed. The remaining pixels were assigned to a surrounding region representing
the broader galactic environment. These masks, applied to the dust temperature
and VLA neutral hydrogen density maps, are shown in Figure 3.11.
Pixels containing non-finite values in any of the required environmental maps were
excluded from the calculations. All statistics were computed only from valid pixels

3.3.2 Input parameters and assumptions

An overview of the timescales and angular velocities along with their main and
full parameter dependencies, used for the timescale calculations and numerical size
limit calculations, are summarised in Table 3.1. The silicate dust grain model and
alignment related parameters that were adopted in the calculations for both the
replication of M51 and corresponding analysis of IC 10 are listed in Table 3.2.

The M51 input parameters used for reproducing each of the three M51 environments
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Figure 3.11: The polarisation masking applied to the dust temperature (left)
and the gas column density estimate (right) of IC 10. The top row masks the
centre environment and the bottom row shows the masked region of the surrounding
environment.

in [27] are listed in Table 3.3. Magnetic field strengths and dust temperatures were
estimated from their Figure 1, while gas column densities were adopted from Table 3
in their source, Borlaff et al. [4]. The radiation field energy density was calculated
from these values using Equation 3.11. Gas temperatures were directly taken from
Appendix A in LR24. Some quantities were fixed across all regions, while others
were varied between regions for a number of pixels simulating the original map
sizes (approximately 80 x 80 pixels). These choices are described in the parameter
summary table.

In star forming clouds, such as IC 10, the intense star light can be assumed to
exclusively heat up the grains [22]. The energy density that is emitted by the stars
can then be estimated by how warm the dust grains are

T 6
Urad = (16ZK) UISRF (3-10)

where ugrr = 8.64 x 107 ergem ™ is the energy density of the local interstellar
radiation field (ISRF), which can heat silicate grains to 16.4 K [18].

Following Lopez-Rodriguez, in spiral arms like M51 the energy density can instead
be estimated in the optical to FIR emission,from the column density Ny, g by
the Kennicutt-Schmidt relation
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uanti ain dependences
Q tity Main depend
2
Larmor time (B-RAT) TLar X Taa
Radiati on (k-RAT) T2 g1/2
adiative precession (k- B 29 4
Tk RAT x 7Y Urad Qe3
a
Gas damping Tgas X T2
RAT velocity, constant spin u WRAT X Y Urag Qe
o p b at ny Tg1/2 (]—+FIR)
) 1/2
Thermal angular velocity Wih OC ﬁ
sruption veloc Sil
Disruption velocity threshold Wdisr X aa

Table 3.1: Summary of the main timescales discussed in the M51 grain alignment
analysis, and the angular velocities used in [3] to numerically calculate the grain size
limits.

Upad = 3 X 109(7WHI+HH>NKS K

3.11
UISRF ( )

where p is the mean molecular weight per hydrogen atom, my is the hydrogen atom
weight, and Ngg = 1.4 [27].

The value of the radiative torque efficiency adopted by LR24 is not explicitly stated.
During the reproduction of their M51 timescale results, a value of Q.3 = 0.01 was
found to give the closest agreement with the published k-RAT timescales'. This
value was therefore adopted for the M51 reproduction. In addition, a wavelength-
averaged grain-size-dependent radiative torque efficiency, (Q.3(a)),, was calculated
using Equation 2.19. This prescription was used to investigate the sensitivity of
the alignment and disruption grain-size limits to the radiative torque efficiency. For
IC 10, both Q.3 = 0.01 and the wavelength-averaged efficiency (Q.3(a)), were con-
sidered. The former allows direct comparison with the M51 reproduction, while the
latter provides a physically motivated estimate based on the full radiation spectrum.
Figure 3.12 shows the total local interstellar radiation field energy-density spectrum
and the spectral average of the radiation torque efficiency factor.

The tensile strength of the grains was assumed in LR24 to depend on the local
environment. In their analysis, denser spiral arm regions were assigned a lower
tensile strength, corresponding to grains with a more porous internal structure, while
the diffuse interarm medium was assigned a higher tensile strength corresponding
to more compact grains. For the IC 10 analysis, a conservative value of

Siax = 107 ergcm ™ ®

was adopted throughout. This choice yields a smaller estimate of the disruption

!This value was confirmed in private communication with Asso. Prof. E. Lopez-Rodriguez on
8th of June, 2026.
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Parameter Symbol

Value / expression

Silicate grain material properties

Grain composition —

Mass density Psil
Atomic density il
Mass per grain Meil
Paramagnetic fraction Ip
Magnetic moment factor p

MgFeSiOy4

3.81 g cm™3

1.33 x 10?2 cm 3
2.86 x 1072 g
1/7

~5.5

Grain geometry

Grain size a
Minor axis c
Axial ratio s
Effective grain size Qeff
Grain volume Vv
Moment of inertia I

Semimajor axis

Semiminor axis

s=c/a
ae = $1/3a
V= %WSCLS

_ 8 5
I = zmpsa

RAT and disruption parameters

RAT efficiency Qes3
Normalized RAT efficiency Qe3,—2

Mean radiation wavelength

(ISRF) A

IR damping parameter Fir
Tensile strength (arms) Sax
Tensile strength (interarms) Smax

Varied; see text

Qe3/10_2

1.2 pym

Calculated from local
radiation field and gas
properties

107 erg cm ™3

10° erg cm ™3

Table 3.2: Dust grain material, geometric, and RAT-related parameters adopted

in the grain-alignment calculations.
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Figure 3.12: The total local interstellar radiation field energy-density spectrum wuy
(data from Bianchi et al 2024 [2]) and the spectral average of the radiation torque
efficiency factor (Qr).x.

grain size, putting an intentionally tighter upper limit on the alignment sizes in
both regions.

The gas volume density was estimated in the M51 by dividing the column density
by the vertical height of the galactic disk A = 200 pc.

For IC 10, the gas volume density was estimated from observational constraints.
Carbon monoxide (CO) emission is observed near the peak of the HI distribution
(Figure 4 of Leroy et al. [15]), indicating that gas densities there are sufficient for
collisional excitation of the CO transition. A volume density of

ng = 100 cm™?

was therefore adopted for the central region. In the surrounding environment, the
volume density was allowed to vary uniformly between 1 and 100 cm~3 in order to
reflect the broader variation outside the central star-forming region.

3.3.3 Calculation of timescales, and alignment and disrup-
tion grain sizes

For each environment, the RAT timescales were calculated at every pixel in the input
maps as a function of grain size, a. The resulting distributions were summarised
by the median value at each grain size together with the 16th and 84th percentiles.
These percentiles are used throughout this work as a measure of the spatial variation
within each environment.

In LR24, an additional uncertainty was included in the calculation of the Larmor
precession timescale by varying the magnetic susceptibility, x(0), over the range
4.2 x 1075-4.2 x 1073. The resulting uncertainty combined in quadrature with
the uncertainty arising solely from the environmental parameters. In the present
work, x(0) is not varied independently. Instead, its variation is included through its
dependence on dust temperature, as described by Equation 2.25. Since this depend-
ence is already incorporated into the calculation of the Larmor precession timescale
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Parameter Arm 1 Arm 2 Interarm Source / note

B (uG) 17 14 10 Estimated from LR24 Fig. 1.

Ty (K) 18-26 18-26 1826  Estimated from LR24 Fig. 1.

Ty (K) Ty Ty 200 Values adopted by LR24.

log0(Nnu) 21.66 21.49 21.40 Median values from Borlaff et
al. (2021), Table 3.

Urad (/UISRF) 15.71 9.547 6.805 Median values calculated using
Eq. 3.11.

ng (cm™3) 7 5 4 Computed assuming disk
height h = 200 pc.

0% 0.8 0.7 0.1 Assumed.

Qs 0.01 0.01 0.01 Chosen to reproduce LR24
results.

Smax (erg/cm?) 107 107 107 Values adopted by LR24.

Table 3.3: Input parameters adopted for the reproduction of the M51 analysis by

LR24.
Parameter Central Surrounding Source / note
region region

B (uG) 14pnG 1-10 nG From Chyzy et al. [47] and
assumed.

Tu(K) 19-26 18-23 Derived from Herschel
SPIRE MBB fitting.

Ty(K) T,=T, 50-200 Assumed.

log,0(Nn) 20.70-21.54 20.00-21.46  Derived from VLA HI
observations.

Urad(/UISRF) 5.381 1.857 Median values from
applying Eq. 3.10

ny (cm™3) 100 1-100 Estimated from results in
Leroy et al. [15].

vy 0.1 Assumed.

Qes 0.01 and 0.01 and For tests of different

(Qes(a))a (Qes(a))x efficiency assumptions.
Smax(erg cm™3) 107 107 Conservative disruption

limit.

Table 3.4: Input parameters adopted for the IC 10 grain-alignment calculations.
The central region corresponds to the area with reliable HAWC+H polarisation de-
tections, while the surrounding region represents the remaining area of the galaxy

(Figure 3.11).
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(Equation 2.31), no additional uncertainty is added from x(0) to the calculation of
B-RAT.

The resulting timescale estimates for the M51 replication and IC 10 are presented in
Section 4.2. The exact M51 precession timescale reproduction is shown in Figure 4.1
and an additional presentation of the M51 timescales, but with k-RAT dependent
on (Qe3(a))y, is given in Figure 4.2. The IC 10 results are shown in Figure 4.3.
The minimum grain size that can be efficiently aligned, aaiign, Was determined using
the alignment criterion introduced in Section 2.3.4.1,

WRAT > 3 Wi, (312)

where wrar is the angular velocity induced by radiative torques and wy, is the
thermal angular velocity. Likewise, the disruption grain size, agis;, Was defined as
the grain size at which the radiative-torque angular velocity exceeds the critical
angular velocity for centrifugal disruption,

WRAT - Wdisr- (313)

To determine these characteristic grain sizes for each of the environments, the an-
gular velocities wrar, win and wgir were calculated at every pixel as functions of
grain size. For each pixel, the grain size at which the relevant crossing condition
was first satisfied was identified by interpolation between neighbouring grain-size
samples. This method produced maps of @aiign and agir Over each of the environ-
ments. For each pixel, only the first crossing satisfying the relevant condition was
kept. These correspond to the minimum grain size for efficient alignment and the
maximum grain size that can survive radiative torque disruption.

The spatial distributions of aajign and agisr were then summarised by taking the me-
dian values together with the 16th and 84th percentiles. The uncertainties capture
the spatial variation across the environments.

To investigate alignment and disruption thresholds dependence on the radiative
torque efficiency, Q.3, the RAT angular velocity was computed with three cases of
varying Q).3. These were the interpreted value 0.01 from LR24, the maximum value
for the efficiency 0.4 and (Q.3(a)).x.

The results of these numerical calculations are presented in Section 4.3. The es-
timated characteristic grain sizes for the M51 environments are shown in Figure 4.4
and 4.5, and the ones for the IC 10 environments in Figure 4.6. The characteristic
grain sizes found by applying (Q.3(a)), were added to the timescale results for M51
in Figure 4.1 and 4.2, and for IC 10 in Figure 4.3.
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Results

This chapter presents the numerical and analytical results of the methods presented
in Section 3. First, Section 4.1 summarises the results from the Herschel fitting
described in Section 3.2. Section 4.2 presents the RAT alignment timescales, first
the reproduction of M51 from LR24 [27] and then the implementation of the meth-
odology into IC 10. Section 4.3 then presents grain-size limits from the numerical
calculations of the thresholds for M51 and IC 10.

4.1 MBB-derived dust properties and adopted ISM
maps

From the SED fitting procedure of the Herschel PACS and SPIRE band maps, the
final dust temperature map was selected from the product of the colour corrected
modified blackbody fitting of the SPIRE maps only. We found that SPIRE and
Planck agreed well after the correction (see Figure 3.9), with slopes close to unity
and small offsets of only a few MJy, while PACS showed large offsets and non-unity
slope (see Figure 3.8) so that they couldn’t be easily calibrated. Therefore, the
PACS maps were judged to be unreliable for the final MBB fit, and the final maps
were based only on SPIRE.

This SPIRE-only MBB fitting produced a dust temperature map with temperatures
of approximately 19 — 26 K in the IC 10 centre region, and 18 — 23 K in the sur-
rounding region. The map was used to estimate the radiation field energy density
map entering the RAT calculations according to Equation 3.10.

The MBB fitting also produced a dust-based gas column density map. However,
a comparison with the VLA HT observations presented in Figure 3.10 showed that
the Herschel derived Ny turned out more extended and less centrally peaked. This
is likely due to Milky Way foreground contamination, that is clearly seen in the
original SPIRE maps in Figure 3.4. For this reason, only the MBB-derived T; map
was retained for the RAT analysis, while the VLA HI map was adopted as an
estimate for the gas column density.

4.2 Timescale comparison
As a validation test, the M51 timescales from LR24 [27] were reproduced using

the approximate regional input values described in Section 3.3.2, and presented in
Table 3.3. The resulting timescales are shown in Figure 4.1 together with the derived
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characteristic alignment and disruption grain size limits.

The reproduced M51 timescales recover the overall ordering and grain size depend-
ence reported by LR24, although it does not capture the full uncertainty from the
environments. In all three environments, the Larmor precession timescale remains
shorter than both the k-RAT and the gas drag timescales over most of the investig-
ated grain size range, indicating that B-RAT is the dominant alignment mechanism
throughout the spiral galaxy.

The main deviation in the timescales from the original calculations is the separation
in magnitude between the arm and interarm k-RAT timescales. In the present
reproduction, the difference was found to be approximately two orders of magnitude,
whilst LR24 indicate only a difference closer to one order of magnitude. For this
reason, the k-RAT timescale only wins over B-RAT for the largest set of grain sizes
in the arms, but never does so in the interarms.

In the original work, the median characteristic grain sizes [@align, Gdisr] Were estimated
to be [0.009, 0.182] yum in the spiral arms, and [0.019, 0.452] ym in the interarm
region. The angular velocity analysis yielded characteristic grain sizes of [0.016,
0.072] pm and [0.017, 0.082] pm for Arm 1 and Arm 2, respectively. In the interarm
environment, only an alignment threshold was obtained, corresponding to daiign =
0.034 pm, while no disruption threshold was found within the investigated grain size
range.
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Figure 4.1: Median precession timescales and associated 16th—-84th percentile
ranges as functions of grain size in the three M51 environments. The upper panel
shows the two spiral arm regions and the lower panel shows the interarm region.
Vertical grey lines indicate the alignment and disruption grain size thresholds de-
rived from the angular velocity analysis, and the pink indicate the ones from LR24.
Input parameters are listed in Table 3.3.

Figure 4.2 shows the same results as in Figure 4.1, but allows k-RAT to depend on
the full spectrally averaged radiative torque efficiency (Q(a)) ..

With this choice of efficiency, the k-RAT timescale shows a different grain size
dependence from the constant (.3 case. At small grain sizes, k-RAT is beaten
by the gas drag affecting the grain dynamics, while at larger grain sizes the k-RAT
timescale decreases relative to both the gas drag timescale and eventually even beats
B-RAT. This behaviour is observed in all three M51 environments.

41



4. Results

Arm 1 + Arm 2

10° 1
| Environment
107 1 | = Arm 1
S - | == Arm 2
105 i ~ ~ - -
<=l |
S, 10%+ =3
>
Q@
S 10!+ . ——
w1 W Rl | e n  ————
£
= 1071+ -
= - Timescale
03 Crossings B-RAT
1077 4 — auion / —
o : : —— K-RAT: Q3 = (Qe3)s
1073 A original aaiign i —— Gas drag
Original agisr : Diffuse ISM sizes
10_7 T T T T T
1073 1072 1071t 10° 10
Dust grain size a [um]
Interarm-region
10° 3
b Environment
1074 e T e = Interarm-region
105‘ _.-.-...-.-"-z: -----------
E\ 103 T R T e “,1,-1'!“'
° | s e PETT e
S 10+ PSS
@
€ 191
= 1071 1 -
= - Timescale
103 Crossings B-RAT
=== dalign
i . —— K-RAT: Q3 = (Qeshs
1075 Original @align E — Gas drag
Original agisr Diffuse ISM sizes
10_7 T T T T T
1073 1072 1071 10° 10!

Dust grain size a [um]

Figure 4.2: Same as Figure 4.1, but k-RAT depends on the wavelength averaged
radiative torque efficiency (Qcs3(a))» from Equation 2.19.

The calculated timescales for the IC 10 centre and surrounding regions are shown in
Figure 4.3. The input values used are listed in Table 3.4, Section 3.3.2. The results
show a greater complexity through the degree of uncertainty in their respective
environment, compared to the merely uniformly varied environments of M51.

The behaviour of the k-RAT timescales depends strongly on the adopted radiative
torque efficiency. For a constant efficiency of Q.3 = 0.01, k-RAT can surpass B-RAT
only for the largest grains in the central region. When the wavelength averaged
efficiency (Qc3(a)), is used, the k-RAT timescales become shorter than the gas drag
timescales at small grain sizes and eventually also becomes shorter than the B-RAT
timescale for the larger grain sizes in both environments.

The angular velocity analysis gave characteristic grain sizes of [0.018, 0.128] um
in the central region. In the surrounding region, only an alignment threshold is
obtained, corresponding to @aiign = 0.041 um. No disruption threshold is found

42



4. Results

within the investigated grain size range. The resulting grain size limits are therefore
qualitatively similar to those found for M51.
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Figure 4.3: Median precession timescales and associated 16th—-84th percentile
ranges as functions of grain size in the central and surrounding environments of
IC 10. Vertical grey lines indicate the characteristic alignment and disruption grain
sizes derived from the angular velocity analysis. Input parameters are listed in
Table 3.4.

4.3 Alignment and disruption grain sizes

The angular velocity analysis described in Section 3.3 was applied to each envir-
onment in M51 and IC 10. Median angular velocities and characteristic grain size
thresholds derived from the analysis are shown in Figures 4.4-4.6. For comparison,
calculations performed using constant values of Q.3 = 0.01 and Q.3 = 0.4 are also
displayed.

In the M51 spiral arm environments, both alignment and disruption crossings were
obtained for the wavelength averaged radiative torque efficiency. In contrast, the
interarm environment only produced an alignment crossing.

For IC 10, both alignment and disruption thresholds were obtained in the central
environment, whereas the surrounding environment only produced an alignment
threshold. The derived grain size limits are thus qualitatively similar to the ones
obtained for the spiral arm and interarm environments of M51 respectively.

It is worth noting that Q.3 = 0.01 (the light blue line) would not yield any alignment
at all in the diffuser regions in the respective galaxies, and only allow alignment of
the largest of grain sizes investigated in the denser regions.
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Figure 4.4: Median angular velocities as functions of grain size in the two spiral
arm environments of M51. Blue curves show wrat for the three adopted radiative
torque efficiency prescriptions, green curves show 3wy, and orange curves show wyg;g;.
Vertical lines indicate alignment and disruption grain size thresholds obtained from
the crossing analysis. Pink lines indicate the characteristic grain sizes reported by

LR24.
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Figure 4.5: Same as Figure 4.4, but for the interarm environment of M51.
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radiative torque efficiency prescriptions, green curves show 3wy, and orange curves
show wgis,. Vertical lines indicate alignment and disruption grain size thresholds
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Discussion

The discussion is divided into multiple sections. In Section 5.1, the reproduction
of M51 is evaluated, after which the results influence by the RAT efficiency factor
is discussed in Section 5.2. Section 5.3 talks about the results of the analysis of
IC 10 and compares them to the results of M51. From this discussion, speculations
on the importance of sensitivity in polarisation measurement are then presented in
Section 5.4. Finally, Section 5.5 outlines possible directions for future investigations

of polarisation in galaxies and in particular what can be further investigated for
IC 10.

5.1 Reproduction of the M51 results

The reproduced Mb1 calculations recover the overall hierarchy of the timescales
as reported by LR24. In all three environments, the Larmor precession timescale
remains shorter than both the k-RAT and gas drag timescales over most of the
relevant grain size range.

The reproduction does not recover the full spread of the median uncertainty reported
by LR24. This is likely a consequence of the simplified environmental maps used in
this work, where the input characteristics were represented by uniform distributions
or entirely fixed values. Such simplifications cannot fully recreate the real spatial
complexity of the spiral arm and interarm environments.

The k-RAT timescales were recreated in the spiral arms by assuming a constant
value for the radiative torque efficiency of Q.3 = 1072. In the interarm environment
however, the reproduced k-RAT timescale became one order of magnitude larger
than reported by LR24. Consequently, the reproduction does not catch the trans-
ition where k-RAT becomes shorter than B-RAT for the largest grains investigated
in the interarm region, as it does in the arms as predicted. This inconsistency is
most likely due to the adopted interarm gas temperature and the anisotropy para-
meter, both of which were estimated from information provided in the LR24 paper,
rather than from the exact values used in their calculations.

The numerical crossing analysis returned qualitatively similar grain size limits to
those reported by LR24. Both alignment and disruption thresholds were recovered
in the spiral arms, while the interarm region only reproduced an alignment size
limit. Although the derived grain size thresholds differ quantitatively from those
reported by LR24, both approaches (LR24’s and the numerical calculation in the
present work) lead to the same overall physical picture. The successful reproduction
of the timescale hierarchies and the qualitative grain size constraints suggest that
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the methodology is robust against moderate variations in the adopted environmental
parameters.

5.2 Dependence on the radiative torque efficiency

Among all the investigated parameters, the choice of radiative torque efficiency Q.3
seems to have one of the strongest effects on the RATSs, affecting both the k-RAT
timescales and the numerically derived grain size limits via wgrar. While the choice
of a constant value for (.3 had no apparent impact on the overall ordering of the
timescales within the physically allowed grain size ranges, it greatly affected the
magnitude of the k-RAT timescale. Furthermore, replacing a constant value with
the spectrally averaged efficiency (Q.3(a)), induced a completely different k-RAT
behaviour across the entire investigated grain size range. The effect of the choice of
Qe3 factor is however clearest in the angular velocity analysis.

A constant value was first chosen to replicate the grain size dependence of k-RAT
from LR24, and a value of Q.3 = 1072, which also was the parameter normal-
isation value Q.3 _2 = Qe2/1072, could most successfully reproduce the published
Mb51 timescales. However, the spectrally averaged efficiency (Q.3(a))x ended up
producing substantially different alignment and disruption limits in both galaxies
when applied to the numerical crossing method. The spectrally averaged efficiency
produced alignment and disruption thresholds in the denser environments of both
galaxies while suppressing disruption in the two more diffuse environments. This
behaviour in wrat and the consequent grain size thresholds could not be reproduced
with either of the investigated constant values for the torque efficiency.

The calculation of (Q.3(a))y was based on the spectral energy distribution of the
local Milky Way radiation field. A different radiation spectrum could therefore effect
both the magnitude and grain size dependence of the RAT efficiency on a whole.
Furthermore, these results suggest that the choice of RAT efficiency itself may be
a significant source of uncertainty in RAT-based grain alignment studies such as
LR24.

The comparison performed in this work demonstrates that different assumptions of
Q3 can lead to significantly different alignment and disruption thresholds. Future
investigations would therefore benefit both from calculating spectrally averaged effi-
ciencies using galaxy specific radiation fields, and from investigating the sensitivity
of the results to the choice of the RAT efficiency.

5.3 Application to IC 10

Having concluded that the adopted methodology, extended with the angular velocity
calculations, qualitatively reproduces the results of LR24, the same procedure was
applied to IC 10. Despite the differences between the two galaxies ISM environments,
the resulting timescale hierarchies and grain size limit exhibit notable similarities.
The IC 10 centre greatly resembles the M51 spiral arm environments, while the IC 10
surroundings resemble the M51 interarm region. With room for some amount of
quantitative variation, these paralells are reflected in both the timescale calculations
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and the angular velocity analysis.

The alignment thresholds calculated for the IC 10 centre are comparable to those
obtained for the spiral arms of M51, whereas the surrounding region returned an
alignment limit similar to the one for the M51 interarm environment. Likewise, dis-
ruption thresholds were recovered only in the denser environments of both galaxies,
while the respective more diffuse regions didn’t produce disruption crossings within
the investigated grain size range.

These parallels can be traced to the adopted environmental parameters. As shown in
Tables 3.3 and 3.4, the magnetic field strengths and dust temperatures adopted for
the IC 10 centre are comparable to those used for the M51 spiral arm environments.
Likewise, the IC 10 surroundings share several characteristics with the M51 inter-
arm region, including weaker magnetic fields and lower radiation energy densities.
The main deviations in the timescale and grain size threshold results stem mostly
from the influence of their substantial differences in gas column densities, volume
densities and the magnitude of the energy densities from the respective radiation
fields. The energy density in the centre region is of almost the same magnitude as
in the interarms of M51 while the surrounding has a much weaker energy density of
only about a third the strength of the centre.

The angular velocity analysis suggests that the radiation field will have a biggest
say in whether grain disruption will occur. In both M51 and IC 10, the denser
environments produce RAT angular velocities that systematically come to surpass
both the thermal and disruption velocity limits over part of the investigated grain
size range, which result in both alignment and disruption thresholds. In contrast,
the diffuse environments have weaker radiation energy densities, so the RAT angular
velocities never increase enough in the range of longer grain sizes to reach the critical
disruption velocity. Therefore no disruption thresholds were obtained within the
investigated grain size range for the M51 interarm region nor the IC 10 surroundings.
This suggests that weaker radiation fields may suppress rotational disruption by
limiting the rotational acceleration of the larger grains.

5.4 Predicitons of grain alignment and FIR po-
larisation

The alignment and numerical crossing analysis indicate that dust grain alignment
should be possible throughout both the investigated regions of IC 10. Alignment
thresholds were obtained in both the central and surrounding region, and the res-
ulting grain size constraints are comparable to those obtained in M51.

This appears inconsistent with the conclusions that were drawn in the LR24 paper
based on their results of M51. There they interpreted the observed variations in po-
larisation efficiency between the environments by the change in the disruption limit
caused by RAT-D. In their analysis of M51, the spiral arm environments produce
shorter disruption thresholds than in the interarm region, meaning that grains can’t
become as large in the arms as they can in the interarms before they are disrupted
into smaller grains. Because large dust grains are more efficient in emitting polarised
FIR radiation (see Figure 3 of Hensley & Draine [19]), their fragmentation in the
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arms directly reduces the arms polarisation efficiency, compared to the interarms
where larger grains remain.

If grain alignment is present throughout IC 10, polarised emission would be expec-
ted to be detected not only in the central region, but at some noteworthy efficiency
in the surroundings as well. However, from the survey by SOFIA/HAWC+, signi-
ficant polarised FIR emission is detected only in the central region of IC 10. This
apparent inconsistency may indicate that the absence of a polarisation detection in
the surroundings is observational rather than physical.

The central region is much brighter than the surroundings, and exhibits energy
densities comparable to those of the M51 interarms - where polarisation is detected
to some great efficiency. Consequently, the absence of polarisation detected out-
side the centre region may rather reflect inadequate sensitivity of the observations
rather than a lack of aligned grains. Under this hypothesis, grain alignment remains
possible throughout both the investigated regions of IC 10, while only the brightest
regions, those in the vicinity of an active starburst, produce detectable polarised
FIR emission.

This is consistent with observations of other SOFTA /HAWC+ targets. For example
observations of 30 Doradus with SOFIA by Tram et al. [10] which reveal wide-
spread polarised emission around the centre of the nebula. Those regions where
observed with total intensities (Stokes I) up to 30 Jy/arcsec? (Figure 2 of Tram et
al. 2021 [10]). In contrast, the IC 10 observation with SOFIA shown in Figure 3.2
exhibit total intensities of only 0.001-0.007 Jy/arcsec?. The much lower surface
brightness of the IC 10 to those where polarisation could be detected in 30 Doradus
may therefore explain why grain alignment can still be present in the surroundings
while not producing a sufficient polarisation signal to have been detected by SOFIA.

5.5 Caveats and future work

The modified blackbody fitting may be a source of uncertainty carried over from
the Herschel data into the RAT analysis. In particular, the dust temperature map
was used to estimate the local radiation field energy density in IC 10, and there-
fore affect the derived k-RAT timescales, RAT angular velocities, and disruption
thresholds. The PACS bands were intentionally excluded to avoid the clear calibra-
tion inconsistencies with Planck, but this also means that the final dust temperature
estimate relies only on the spectral energy distribution of the SPIRE bands, which
visibly showed to contain foreground contamination from the Milky Way. Therefore,
from comparing the Herschel derived gas column density to the VLA HI indicates
that the dust-based Ny is strongly affected by the foreground contamination. For
this reason, the VLA HI map was adopted in place for the gas column density,
keeping only the derived dust temperature in the RAT analysis. But because the
dust temperature and gas column density weren’t produced independently, the ap-
parent effect of the contamination in the Ny map likely has more subtle effects
on the T; map. If further progression of the Herschel MBB fitting process should
be investigated, one is encouraged to adopt a double MBB fit in order to remove
the contamination from the Milky Way foreground in the Herschel SPIRE maps.
One should then also derive the appropriate double MBB colour corrections for the
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SPIRE bands, using the code and methodology from the SPIRE Handbook [32].
The comparison performed in this work indicates that the radiation field plays a
central role in determining both the k-RAT timescales and the resulting grain size
constraints, due to its influence on the radiative torque. Future investigations of
RATSs would therefore benefit from using observationally derived radiation field maps
where possible. Computing the spectrally averaged torque as a whole with such maps
would also allow for a more direct assessment of the environmental dependence of
grain alignment and on RAT-D.

The variations of the environmental properties were chosen often from random /uni-
form distributions (e.g. for the magnetic field strength). A future analysis would
benefit from more realistic environmental variations, e.g. by using maps of the mag-
netic field strength, volume density, gas temperature etc, which would then ensure
proper spatial coupling between these various properties.
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Conclusions

In this work, dust grain alignment was investigated in the dwarf galaxy IC 10 using
the framework adopted by Lopez-Rodriguez & Tram (2024) [27] for M51. Before
applying the methodology to IC 10, the published results on M51 were first suc-
cessfully reproduced. Even though the exact precession timescales and grain size
thresholds exhibit quantitative differences, the reproduction could recover the same
overall environmental characteristics and the qualitative hierarchy of their times-
cales. This indicates that the methodology adopted and further developed in this
work is adequately robust to be applied to galactic environments beyond the spiral
galaxy M51.

The application of the methodology onto IC 10 implied that dust grain alignment
with the magnetic field is possible throughout the galaxy. It could therefore be
successfully demonstrated that dust grain alignment remains possible in ISM con-
ditions that substantially differ from those of a Milky Way-like galaxy. Alignment
thresholds were recovered for both the central star forming region and the diffuser
region surrounding the centre of IC 10, and the resulting constraints on the grain
sizes were comparable to the ones found in M51.

The analysis further suggests that the strength of the environment’s radiation field
plays a key role as to whether grain disruption will occur. In both M51 and IC 10,
disruption thresholds were obtained only in the denser environments (the spiral arms
and star forming centre respectively), while the more diffuse regions produced grain
size limits for alignment but no "upper limit" for disruption.

Herschel observations were modelled with modified black body SED fitting to derive
the dust temperature throughout the galaxy with some limitations to the methods
from the data. Namely, the Herschel PACS maps had an unknown zero-point offset
which could not be easily recovered by comparing to Planck data, and the SPIRE
maps were partially contaminated with foreground emission. In the end only the
SPIRE data was used but because of the contamination in the gas column density
this could not be applied in the final analysis. If further progression of this Herschel
MBB fitting process should be investigated, one is encouraged to adopt a fit of a
double MBB with accompanying colour corrections, to remove the contamination in
the Herschel SPIRE maps from the Milky Way foreground.

Finally, the predictions from the RAT study together with the SOFIA/HAWC+ ob-
servations of IC 10 indicate that the RAT analysis can indeed establish the possibility
of grain alignment, but may not by itself be sufficient to determine if polarisation
will be observed. Although the calculations suggest that aligned grains may exist
throughout IC 10, significant polarised FIR emission is detected only where the ra-
diation is sufficient to be detected, near the star bursting regions. This suggests that
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observational sensitivity may be an important factor when interpreting polarisation
observations of faint systems in the Universe, and that the absence of a polarisation
detection may not necessarily imply the absence of aligned dust grains.

The calculations for the minimum size of aligned grains showed substantial dif-
ferences between the center and the surroundings of IC 10. This would predict
differences in the wavelength dependence of optical polarisation between the two
regions (with a peak at shorter wavelengths in the center versus the surroundings).
It would be interesting to follow up this work with multi-band observations of diffuse
optical light in IC 10 to investigate whether this prediction is borne out.
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7. Appendix 1
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Results from search in the Herschel Science Archive.
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