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Study of the magnetic fields and filamentary structures in the Polaris Flare
molecular cloud

Abstract: In diffuse molecular clouds, possible precursors of star-forming clouds, the effect of the
magnetic field is unclear. In this thesis we compare the orientations of filamentary structures in
the Polaris Flare, as seen through dust emission by Herschel, to the plane-of-the-sky magnetic field
orientation (Bpes) as revealed by stellar optical polarimetry with RoboPol. Dust structures in this
translucent cloud show a strong preference for alignment with Bpos. 70% of field orientations are
consistent with those of the filaments (within 30°). We also explore the spatial variation of the relative
orientations and find it to be uncorrelated with the dust emission intensity and correlated to the
dispersion of polarization angles.




Mekétn Tou payvNTIXoU TESIOL KA TWV VNAATOLELDWY BOUWY CTO hOPLAXO
végpog Polaris Flare.

ITepiAndmn: Exondc tne napoloos dimhwpatixic epyaociog elvar 1 uehétn tou poryvnTixod nediov ot
VNUATOEDELS BOoPéC Tou TopatnEolvTalL G VEQY Uoplaxo) UBROYOVOU OTO PECOUCTEIXO YWEO. MUYXE-
XPWEVH 0C0YOAOUUACTE UE TO Uoplaxd VEQOS youniic muxvotnrac aeplov Polaris Flare. To Polaris
Flare dev mopouctdlel evepyY| aGTEOYEVVEST GUVETWC €lvon €vol XUAG TUEAEBELYHO Yot TN MEAETN TV
aEY®Y cLVINUOY TIoU aopolV TNV actpoyévvesr. O pdhog Tou poyvnTixol Tedlou GTNY Ao TEO-
yYévveon ebvar oxoua acapnc.  Apywd cuyxplvoupe Tt Sledduvon TwV VNUXTOEIBOY GOUMY TOU €Y0UV
rapatnendel oto unépudpo amo To SwcTUXG Tnheoxomio Herschel pye to poyvntind nedlo oto enine-
60 Tou oupavol OTwe TapaTNENINKE amo To omTixd Tohwoiueteo Robopol tou Actepooxomneiou tou
Exivaxo oty Kertn.  To anoteréopota €6eilav 6Tt T0 payvntixd medlo oto eninedo Tou oupavol Te-
tver va evduypauuileton pe TIC VNUOTOESElS BOUEC TOU VEQOUC GUVETWS TO Uoryvntixd medlo emnppedlel
oNUaVTIXG TNV xivnor tou ogplou oto olvvego. Emmiéov perethAtnxe 1 SloxOUovoT TG oyeTxhAc Ole-
Oduvong petadd Tou payvnTod TEGIOU Xal TWV VAUXTOEWSMY BOU®OY xaTtd unixo¢ 6Aou Tou Tedlou mopa-
ThENOoNS XD xat GAAY peYEV®Y OTwe o Badudc TOAwoNG xou 1 €vIaon TG oxovng o1o umépuipo.
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Chapter 1

Introduction

Today we know that space between stars is not empty. It contains gas (mostly hydrogen), dust grains,
cosmic rays and it is permeated by magnetic fields and photons. All these components compose the
interstellar medium (ISM). The ISM does not have a uniform density. It contains cold regions with
temperatures around 10 K and is dominated by molecular hydrogen. These regions are refereed to as
interstellar molecular clouds. Into these regions new stars are born.

After recent Herschel space telescope observations new information about the structure of molecular
clouds was revealed. Herschel found a network of elongated structures in every molecular cloud. These
structures are called filaments (Fig. 1.1). The Gould Belt Survey conducted by the Herschel space
observatory captured the morphologies of the nearby molecular clouds with unprecedented sensitivity
and detail, allowing the study of filamentary structures to advance [André et al. | 2010]. Moreover,
the filamentary structures of the cold ISM must be closely related to the star formation process since
more than 70% of the prestellar cores identified with Herschel in nearby clouds appear to lie within
filaments (Fig. 1.2). It has been suggested that prestellar dense cores form primarily along filaments
[Men’shchikov et al., 2010]. Today it is believed that filaments may form into the parent cloud and
then break up into cores.

Arzoumanian et al. | [2011] found that these filaments have a characteristic width at 0.1 pc. This
is illustrated in Fig. 1.3 which shows that nearby interstellar filaments are characterized by a very
narrow distribution of inner FWHM widths centred at about 0.1 pc. The origin of this quasi-universal
width of interstellar filaments is not yet well understood. A possible interpretation is that the filament
width at 0.1 pc is comparable to the cutoff of MHD waves in (low-density, primarily neutral) molecular
clouds [Mouschovias |, |1991, [Hennebelle |, 2013|. Another possibility is that it corresponds to the sonic
scale below which interstellar turbulence becomes subsonic in diffuse, non-star-forming molecular gas
[Padoan et al. |, [2001].

1.1 The magnetic field

It is important to answer whether the magnetic field interacts with filaments and how this interaction
takes place. Its role in the various stages and environments of star formation is hotly debated. Ob-
servations showed that the magnetic field tend to be perpendicular to dense filaments and parallel to
faint ones (Fig. 1.4).

In simulations of super-Alfvénic turbulence, magnetic fields are tangled due to the gas flow |Ostriker,
Stone, & Gammie |, 2001]. In such models, filaments are formed by shock interactions and the magnetic
field within them is found to lie along their spines. In studies of sub/trans-Alfvénic turbulence, where
the magnetic field is dynamically important, filament orientations with respect to the large scale ordered
field, depend on whether gravity is important. In simulations where gravity is not taken into account
or structures are gravitationally unbound [Soler et al. | 2013], filaments are parallel to the magnetic
field. On the other hand, self-gravitating elongated structures are perpendicular to the magnetic field
[Mouschovias |, [1976]. Both configurations are the result of the magnetic force facilitating flows along
field lines.
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Figure 1.1: Left: Herschel SPIRE dust continuum map of a portion of the Polaris Flare. Right:
Corresponding column density map derived from Herschel data. The skeleton of the filament network

identified with the DisPerSE algorithm [Sousbie | |2011] is shown in light blue [André et al. | 2013].

Finally, if the magnetic field surrounding a filament has a helical configuration [Fiege & Pudritz]
| 12002 the relative orientation of the two as projected on the plane of the sky can have any value,
depending on projection, curvature and if the field is mostly poloidal or toroidal [Matthews | 2001].

1.1.1 Measuring the plane-of-the-sky magnetic field

The presence of dust allows us to study the magnetic field in these structures. Observationally we
measure the plane-of-the-sky magnetic field with optical stellar polarization (see Fig. 1.5). The idea is
that the unpolarized light coming from the star behind the cloud propagates through the cloud. Into
the molecular cloud dust grains act as a polaroid. They absorb the component of the light which is
parallel to their long axis and they re-emit it thermally in the far-infrared. The remaining light is
transmitted and it is partially polarized in the direction of the magnetic field. This is the polarization
(or the plane-of-the-sky magnetic field) observed in the optical [Andersson, Lazarian & Vaillancourt |
2015].

Observational studies find increasing evidence that the cloud structure and magnetic field are
closely related to each other. On cloud scales, [Li et al. | [2013] found that the distribution of relative
orientations of filaments and the magnetic field (both projected on the plane of the sky) is bimodal:
clouds either tend to be parallel or perpendicular (in projection) to the magnetic field. In a series
of papers the Planck collaboration compared the magnetic field to ISM structure across a range of
hydrogen column densities (Ng). [Planck Collaboration Int. XXXII | [2014] considered the orientation
of structures in the diffuse ISM in the range of Ny ~ 10%° — 102 and found significant alignment with
the plane-of-the-sky magnetic field (Bpes). [Planck Collaboration Int. XXXV | [2015] found that in
their sample of 10 nearby clouds, substructure at high column density tends to be perpendicular to
the magnetic field, whereas at low column density there is a tendency for alignment.

Studies of optical and NIR polarization, tracing By in cloud envelopes, show that dense filaments
within star-forming molecular clouds tend to be perpendicular to the magnetic field. On the other




Figure 1.2: Left: Composite 3-color images left of the sub-fields of Aquila (top) and Polaris (bottom).
Right: Starless cores extracted from the original data|Men’shchikov et al., [2010].
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Figure 1.3: Histogram of deconvolved FWHM widths for a sample of 278 filaments in 8 nearby regions
of the Gould Belt survey |[Arzoumanian et al. | 2011].
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Figure 1.4: (a) Herschel/SPIRE hildebrand250 x4 m dust continuum image of the B211/B213/11495
region in Taurus (d ~ 140 pc).(b) Display of optical and infrared polarization vectors from (Chapman;
tracing the magnetic field orientation in the same region, overlaid on the Herschel/SPIRE
250 p m image [Palmeirim et al. |, 2013].
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hand, there are diffuse linear structures termed striations, that share a common smoothly varying
orientation and are situated either in the outskirts of clouds [Goldsmith et al. | 2008, |Alves de Oliveiral
et al. | [2014] or near dense filaments [Palmeirim et al. | [2013]. These structures show alignment with
Bpos |Chapman et al. | 2011, Palmeirim et al. |, 2013, |Alves de Oliveira et al. | 2014, Malinen et al.,

2015)].
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Chapter 2

Data: The Polaris Flare

While the large-scale magnetic field has been mapped in many dense molecular clouds, little is known
about the field in diffuse molecular clouds. In this work we study the Polaris Flare. The Polaris Flare
is a high-latitude diffuse cloud located at a distance 140 - 240 pc (this number is still debated). The
Polaris Flare is in the early stages of star formation with any signs of active star formation [André
et al. | |2010] except for the existence of possibly prestellar core(s) in the densest part of the cloud
MCLD 123.54+24.9 (MCLD123) [Ward-Thompson et al. | {2010, [Wagle et al. | 2015] so it is a good
environment to examine the initial conditions of star formation. For the purposes of this project we
used cross-correlated Herschel dust emission maps and magnetic field directions in the Polaris Flare
using polarimetric data from RoboPol.

Herschel dust emission data

The dust emission in ~16 deg? of the Polaris Flare has been mapped by as part of the Herschel
Gould Belt Survey. This map (Fig.2.1) reveals for the first time the structure of the diffuse interstellar
medium on scales ranging from 0.01 to 8 pc |[Miville-Deschénes et al. | 2010]. The Polaris Flare dark
cloud region was observed with both PACS and SPIRE on Herschel at five wave-lengths — 70, 160,
250, 350 and 500 pm. We used the image taken at 250 pm.

Optical polarization measurements with RoboPol

The Planck space observatory has provided the first map of the plane-of-the-sky magnetic field in
the area at tens of arcminute resolution. In Figure 2.2 the map of the plane-of-the-sky magnetic field in
the same area, measured by stellar optical polarimetry with RoboPol is presented [Panopoulou et al.,
2015]. RoboPol is a wide-field polarimeter mounted on the 1.3 meter telescope at Skinakas Observatory
in Crete. The Polaris Flare was the first interstellar medium region mapped with RoboPol.

The resolution of optical polarimetry (pencil beams) and coverage of our data allow for a detailed
comparison between magnetic field and cloud structure.

The goal of this thesis is to compare the magnetic field orientation to that of the linear structures in
the Polaris Flare. We present the distribution of relative orientations of filaments and By throughout
the mapped region. We compare properties such as the relative orientations and polarization angle
dispersion across the map and present the distribution of filament widths.

11
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Figure 2.1: The Polaris Flare, Herschel dust emission map, 250 4 m by |André et al. | ﬂ2010ﬂ
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Chapter 3

Algorithms

3.1 The Rolling Hough Transform

An excellent tool for determining the orientation of linear structures, irrespective of their brightness, is
the Rolling Hough Transform (RHT) [Clark et al. | 2014]. It was introduced in the study of diffuse HI
and has been used in analyses of molecular clouds as well [Koch & Rosolowsky, 2015, Malinen et al.,
2015]. The Rolling Hough Transform, as its name indicates, is a modification of Hough Transform. The
Hough transform is a feature extraction technique used in image analysis, computer vision, and digital
image processing. A rolling version of Hough Transform is used in this algorithm for the detection and
quantization of linear features in astronomical data.

The RHT returns the probability that a pixel is part of a linear structure as a function of angle.
By integrating over all angles we produce the RHT output R(x,y).

R (z,y) :/R(G,x,y) do (3.1)

Parameter space

The RHT uses three parameters to create the backprojection image, a smoothing kernel of diameter
Dk, a window of diameter Dw and an intensity threshold Z. The window of diameter Dk rolls across
the data and is centered on each pixel. Linear structures at least as long as Dw will be identified.
Threshold Z is a lower limit of the linear probability. Over this threshold coherent structures are
identified. In figure 3.3 we present the backprojection image of a part of the Polaris Flare (Figure 3.2)
using the Rolling Hough Transform.

3.1.1 Relative orientation of filaments and magnetic filed

In most cases, it is significant to examine the difference of the polarization segments and the filaments
direction. The Rolling Hough transform can give a value of the filament angle. Thus we can obtain a
quantified result of the angle difference between the filaments and the magnetic field. The RHT gives
the value of R(#, x, y), which is a value of intensity as a function of angle. In the beginning we sum
all the R values in a circular region (considered as the fourth parameter) around each star in the field.

R.(0) = //d kR(O,x,y)dzdy (3.2)

R, is an one-dimensional matrix in which, each element represents the sum of all the angles that
the circular region contains. Then we compute the angle as follows,

1 [ J sin(20) R.(0)do (3.3)

Orur) = —arct
(Orir) = garctan [ cos(20)R..(0)d0

Finally we find the equivalent value in the interval 0¢(0, 7].

14
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Figure 3.2: A part of the Polaris Flare used as input to the Rolling Hough Transform

Figure 3.3: Filamentary structures identified by the Rolling Hough Transform as a result of the input

image presented in Figure 3.2
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{a) 2D} scalar field.

{c) Gradient with critical poinis. {d) Topological skeleton.

Figure 3.4: A simple 2D scalar function. Critical points are depicted as dots. Minima are shown in
blue, maxima in red, saddles in yellow. The red and blue lines are the (ascending and descending) arcs
of the skeleton [Weinkauf and D. Gunther | 2009].

(Orur) = ™ — mod({Brur) +m,7) (3.4)

This value represents a measure of the orientation of the gas around each star. To find the angle
difference between the polarization segments and the filament orientation we simply take the difference
of the two values.

(orET) = (OrRET) — 0" (3.5)

If (¢ruT) is zero it means that R.(f) is well aligned with its starlight polarization angle.

3.2 The DisPerSe software

DisPerSe (Discrete Persistent Structures Extractor) software is an open source software for the au-
tomatic identification of structures in 2D and 3D noisy data sets designed by . The
software is designed to identify all sorts of topological structures. Firstly, it was widely applied to
cosmological simulations but it has also been used for filamentary structure extraction found in the
interstellar medium.

Disperse software is based on discrete Morse Theory. It is designed to connect local maxima (cores).
DisPerSe extracts the topological skeletons of a surface (see Figure 3.4). A topological skeleton can
be defined as the smallest possible set of lines that preserve the topology. The basic concept of the
topology is based on two quantities, the gradient and its flow. The lines that follow the direction of the
gradient are called field lines. In figure (3.4) (c) are shown the critical points i.e. the points where the
gradient vanishes. DisPerSe uses two main parameters to create the topological skeleton, persistence
and robustness.

16



Fril— VW V- S I i

Figure 3.5: Simplification of topological skeleton using persistence. Left: function before simplification.
Right: function after simplification. The diagram under each function represents its Morse-Smale
complex and persistence pairs [Sousbie |, [2011]

Persistence

Persistence represents the absolute difference of the intensity value between the two critical
points in a persistence pair. Persistence is always positive and represents the importance of the
topological feature defined by the persistence pair: low persistence pairs are sensitive to changes
in the value of the function, and the corresponding critical points are easily destroyed, even by the
introduction of noise in the function, while high persistence pairs are robust. Removing low persistence
pairs from the Morse-Smale complex is a way to filter noise and non-meaningful structures (Figure 3.5).

17



() Terrain with critical points (b) Water assembles around the () Dam 15 breached at saddle. {d) Two parts of the dam remain
and separatrices. minima. as water keeps rising.

Figure 3.6: Robustness threshold increasing towards the right. Linear structures entirely below that
level vanish [Weinkauf and D. Gunther | 2009)

Robustness

Robustness is a continuous version of persistence which extends to filaments (persistence applies to
pairs of critical points only). Robustness assigns an importance weight to each point along a filament.
It respects that the importance of a feature may smoothly change along the line (Figure 3.6)

3.3 Filament Trait Evaluated Reconstruction method

An important morphological characteristic of filaments is their width. An excellent tool to determine
the filament width is the Filament Trait-Evaluated Reconstruction (FilTER) designed by
[2014]. DisPerSe tends to connect structures that are not necessarily a whole. Filter provides a
way to distinguish which filaments are really an entity. If along a filament there are gaps (e.g. profiles
there were not peaked) the filament is not a single cylinder-like structure. The width of a filament can
be provided by looking the cross- sections at different points along its length. A standard approach is
to study the average of all profiles along it.

Filter choose to fit all profiles along a filament individually in order to examine the variation of
the width along the filament. The algorithm performs what we call ‘dynamical fitting’. It begins from
a constant given profile extent, it fits Gaussians to smaller and smaller radii, removing two pixels on
each side of the profile. It stops at a given extent, which is considered as minimal for bone widths. In
our data this extend is set to 30 pixels corresponding to 0.12 pc.

Filter takes as an input the skeleton provided by disperse. Then the Gaussian is fit to the radial
profile at every point along the filament axis, and the resulting FWHM is deconvolved by the beam
size.

18
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Figure 3.9: On the side of a real structure
[Panopoulou et al. | |2014].

’Acceptable’ and non acceptable’ profiles

The result of the dynamical fitting process tests whether a profile is ‘acceptable’ or not. If the
profile is smoothly peaked, the fits should be around the shape of the profile. This means that the
mode of the FWHM distribution of the fits will be the one closest to reality. Otherwise, if the profile
is one-sided the frequency of the mode should be 1, meaning no fit looks like the others. Profiles with
these bad structure are shown in figures 3.7, 3.8, 3.9 and 3.10. In addition in figures 3.11, 3.12 we

present a profile and the distribution of FWHMSs that can be accepted as part of a real filamentary
structure.

In general the criteria used to determine the quality of the profile are:

I. The frequency of the mode of the distribution of FWHMs must be larger than unity, i.e. the
profile must have at least one peak.

IL.The fit corresponding to the mode of FWHMs must have a mean within 7 pixels of the bone’s
central axis, i.e. the profile is centrally peaked.

ITI. The difference of the peak intensity of the last fit from the intensity value of the lowest point
in the profile must be larger than the noise level.

The background (or noise) level is set as a rough estimate according to the values of the intensity
of the image. In the Polaris Flare the noise level is set to 1.

19
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Chapter 4

Analysis of the integrated emission
map of the Polaris Flare

4.1 Filament identification

We applied the Rolling Hough Transform to the Herschel dust emission map of the Polaris Flare at 250
pm and present the RHT backprojection. In figures 4.1, 4.2, 4.3, 4.4 we present the backprojection
images produced with different parameters. The darkest pixels in the image belong to well-defined
linear structures in intensity. The image for the analysis is presented in Figure 4.2 and it is produced
with a intensity threshold (Z) of 0.75, a window of diameter (Dw) of 41 pixels and a smooth value
(Dk) of 5. We also performed a parameter study and present it in section 4.3.

4.2 Relative orientations of Bpos and dust filaments

We combined the polarization data width the RHT output to provide the distribution of the relative
orientation of the filaments and the plane-of-sky magnetic field. The polarization segments tracing
the orientation of By.g are overplotted in red (Figure 4.5). Regions A (striations) and B (MCLD123),
indicated by the rectangles in the full map and are discussed in detail in Chapter 7.

At the position of each polarization measurement, we calculated the mean RHT angle, Ogyr, within
a circle of diameter 0.17 pc (corresponding to an angular diameter of 4 arcmin). We needed a circle
diameter larger than the characteristic width of the filaments found Arzoumanian et al. | [2011]. We
then compared frpT to the orientation of each polarization segment, 6, by taking the absolute value
of their differenceﬂ |0 — Orpr|. There are 42 polarization measurements that extend outside the dust
emission image and are not included in the comparison to cloud structures. The distribution of the
relative orientations for the 590 remaining measurements is presented in Fig (4.6). There is a strong
preference in alignment: 75% of polarization measurements are within 30 degrees of the orientation of
linear features in their surrounding gas. A Monte-Carlo run showed that the probability of obtaining
this correlation by chance is less than 1075. Only 11% are within 30 degrees of being perpendicular to
their surrounding gas.

LAll angles are defined with respect to the North and increase towards the East, according to the ITAU convention.
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Figure 4.1: RHT visualization of the Herschel 250 ¢ m image
of the Polaris Flare (grayscale) made with Z=0.9, Dw=77,
Dk=15

Figure 4.2: RHT visualization of the Herschel 250 ¢ m image
of the Polaris Flare (grayscale) made with Z=0.75, Dw=41,
Dk=5
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Figure 4.3: RHT visualization of the Herschel 250 um image
of the Polaris Flare (grayscale) made with Z=0.7, Dw=61,
Dk=10.

Figure 4.4: RHT visualization of the Herschel 250 yum image
of the Polaris Flare (grayscale) made with Z=0.75, Dw=61,
Dk=20.
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Figure 4.5: RHT visualization of the Herschel 250 pum image of the Polaris Flare (grayscale).

pixels correspond to a high probability of linearity.
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Figure 4.6: Distribution of the absolute difference between the angle of each polarization segment and

the RHT angle.

24



1.0 1.0
0.8 0.8
= 0.6 0.6 L,
A A
04 0.4 ©
0.2 0.2
0.0 0.0
0 20 40 60 80 0 20 40 60 80
0 — Ogur|(°) |0 — Orur|(°)
1.0 1.0
0.8 0.8
z 0.6 0.6 L,
= =
© 0.4 0.4 ©
0.2 0.2
0.0 0.0

0 20 40 60 80 0 20 40 60 80
|0 — Orur|(°) 0 — Orur|(°)

Figure 4.7: (a): CDF of different d. (b): CDF diagram of different window diameter. (c): CDF of
different threshold values. (d): CDF of different smooth values.

4.3 Parameter study

We explored the effect of changing the parameters of the RHT, as well as the area around each star
used in calculating Ogpr. There are 4 parameters that we can vary while running the RHT code.
The first is the diameter of the region in which the average RHT angle was computed. We vary this
value from 0.04 pc to 0.16 pc (11 to 51 pixels) and plot the CDF of the resulting distributions of
(0 — Orpr) in panel (a) of Fig.4.7. The dashed line indicates the CDF resulting from d = 0.04 pc. All
distributions above this value d > 0.084 pc converge. We also varied the parameters used in running
the RHT (window diameter, threshold value, smoothing diameter). The CDF's of the extreme values
used in the parameter study are shown in panels (b)—(d) of Fig. 4.7. In all cases, the corresponding
distributions are consistent with each other thus there is no significant variation for a large portion of
the parameter space.
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Chapter 5

Variations across the field

The results presented above on the alignment of filaments and B,os concerned the entire map. However,
both field and cloud structure are not homogeneous across the cloud. For example, there is a low column
density area of striations where B¢ exhibits ordered structure. Adjacent to this area, towards lower
latitude and longitude, in a significant portion of the map, measurements are sparse and polarization
angles show substantial dispersion.

The various trends existing in the measured cloud properties can be better visualized by construct-
ing maps of average (smoothed) quantities across the sky. The maps are constructed by creating a
grid (5’ squares) of the field. The value at each grid center is calculated by averaging the values of star
measurements within 10" of it. The final map is smoothed using a boxcar filter of 5° width. Figure
5.1 shows such maps of various quantities: (a) number of significant stellar polarization measurements
(pa/op > 2.5), (b) Herschel 250 pm intensity, (c) polarization angle, 8, (d) scatter of 0, (e) |6 — OruT|
and (f) pg. Only bins with at least 5 measurements were used to produce the maps (reducing this
number to 3 did not make a qualitative difference).

The number of significant stellar polarization measurements is highest in region A, which is the
bright part in the upper left of the map in panel (a). The number density (per 5 bin) in this area is
more than twice that in the rest of the map. Smaller local maxima are found: (i) in region B, (ii) in
the center of the map (123.5°, +26.3°) and (iii) above the striations at (124.5°, +27.5°). This variation
in the number of measurements is not due to variations in stellar density across the field, or due to
systematics such as observing conditions. Panel (b) shows the Herschel 250 um image smoothed with
a boxcar filter of 5” width. The MCLD123 filament (region B) stands out as a maximum of intensity.
By comparing the number density of significant stellar polarization measurements to the dust emission
intensity (panels (a) and (b)) we find that the overall structure of the two maps is significantly different.
Therefore, the variation of the density of significant polarization measurements cannot be attributed
to variations in the column density.

The average polarization angles in panel (c¢) are calculated as the circular mean:

N .
_ : 26;
0= %arc‘can <21N:18m(9)> ; (5.1)

D iy cos(26;)

where N is the number of measurements in each bin. The average polarization angle defines a number
of domains of different orientation throughout the field, separated by abrupt angle changes. The thin
dark curves at the edges of some domains are an artefact of the smoothing, they do not represent
measurements of 90°. In the largest domain, which contains region A, 8 seems to rotate clockwise from
160° (bright yellow) to 40° (blue) below the center of the map.

The scatter of polarization angles std(260) in panel (d) is measured using the circular standard
deviation:

N 2 N 2
1 1
std(20) = | —2In (N g sin291) + (N E cos291> . (5.2)
i=1 i=1
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Figure 5.1: Quantities smoothed on a 5x5grid: (a) number of stellar polarization measurements, (b)
Herschel 250 pum intensity, (c) polarization angle, (d) polarization angle scatter, (e) relative orientation

of Bpos and filaments, (f) fractional linear polarization.
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Figure 5.2: Binned pixel-to-pixel comparison of maps from Fig. Top left: Ngiars versus pgy, top
right: extinction Ay versus py, bottom left: pg versus |@ — Orpr|, bottom right: py versus std(6).
Errorbars show the +1¢ from the mean in each bin. Bins contain the same number of pixels.

The values obtained by this equation do not represent the dispersion that would characterize a normal
distribution of angles. They only serve for comparison between the various areas of the map. The bright
regions in panel (d) (large standard deviations) correspond to regions with very few measurements, as
can be seen by comparing with panel (a). Region A and an area with std(20) < 30° in the center of
the map stand out as the areas with lowest dispersion.

The relative orientation of Bpos and the filamentary structures in the cloud, shown in panel (e), is
very similar to the std(26) map. Regions characterized by a large polarization angle dispersion appear
to coincide with regions where filaments are perpendicular to Bp,s. The preference in alignment
throughout the map, seen in Fig. 4.6 , is evident, as regions with |# — Ogpr| < 20° (dark) occupy most
of the map area. The region with the highest density of orthogonal measurements is at the top of the
map.

The highest values of pg (panel ) are in the region of the striations. The Planck polarized intensity
peak coincides with the brightest part of this map at (126°, +27°). The second, but lower, local
maximum in pg is in region B. The spatial variation of pg resembles that of Ngtars. This correlation is
evident in Fig. 5.2 (top left), where the average value of Ngtars is plotted for each (equally-populated
with pixels) pg bin. This correlation is natural, since the polarization measurements were selected
Panopoulou et al.| [2015] to satisfy pg/o, > 2.5. Since the observational errors o, are uniform across
the field, it is more likely that a larger number of significant measurements will be obtained in regions
of higher py.

Additional support to the fact that the variation in the number of significant polarization mea-
surements is uncorrelated with the column density is given by the plot on the top right panel of Fig.
5.2, where the visual extinction, Ay, is plotted against p; (from panel f, Fig. 5.1). One possibility
that explains the observed variation of Ngiars is that the 3D orientation of the magnetic field varies
significantly throughout the sky. If this is true, then it is expected that more significant polarization
will be detected in regions where the field is mostly on the plane of the sky. In these regions, pg should
be higher and this is consistent with the correlation of p; and Ngtars that we find.
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Also, if the field strength is more significant than turbulent gas motions, which tend to randomize
its orientation , regions where Bpos is stronger (high pg, Ngtars) should have a small angle scatter. This
is indeed the case as can be seen in the bottom right panel of Figure 5.1. If the assumption of a strong
magnetic field holds, then, diffuse, non self-gravitating filaments such as the ones in this cloud are
expected to be mostly parallel to the 3D field orientation. So, if the field lies mostly on the plane of
the sky, the alignment of the projected field and filaments will be easily detected. If, though, the field
is mostly along the line of sight, filaments and field can be observed as having any relative orientation.
This trend is evident in the bottom left panel of Figure 5.1.

The above arguments seem to indicate the presence of a strong magnetic field in the cloud which
may change orientation from being mostly parallel to the plane-of-the-sky in region A to being more
inclined in other areas.
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Chapter 6

Filament widths

An important morphological characteristic of filaments is their width. We use the Filament Trait-
Evaluated Reconstruction (FilTER) to construct the width distribution of filaments in the Herschel
image. FilTER takes as input the skeleton of an image and finds the width of the elongated structures.
The skeleton is produced by DisPerSe that can extract the filamentary structures of an image. It is
designed to connect local maxima (cores). This property renders the construction of a representative
skeleton difficult, because a significant part of the Polaris Flare does not contain bright cores. The
RHT produces a visualization of filamentary structures irrespective of brightness. This enables us to
apply DisPerSe to the RHT backprojection image and obtain a representative skeleton of the Herschel
image to use as input to FilTER (see Figure 6.1).

The distribution of filament widths in the Herschel image is shown in Fig. 6.2. The distribution
has a prominent peak at 0.06 pc and the spread of o, = 0.04, twice as much as the typical error in the
width determination (ogt) in our implementation of the code. The intrinsic spread of the distribution
is: oy = (02 — Ufit)l/2 = 0.035pc. Though lower than the characteristic width of 0.1 pc, the peak
value found here falls within the spread of the distributions from these works.

Moreover we examine whether there are trends in the distribution of widths across the cloud, by
constructing a smoothed map of the widths found by FilTER (Figure 6.3). We use a boxcar filter of
the same size as the maps in Figure 5.1 (5, or 0.2 pc) to allow for a better visual comparison.

The map shows fluctuations in the width of filaments that do not appear to have any large-scale
systematic trend. This remains the case for maps with smaller smoothing kernels. However, when
comparing the distribution of widths within region A (Figure 6.4, left, dotted red line) to that of the
rest of the map (solid black line), we find that the former is slightly shifted towards lower values. A
KS (Kolmogorov-Smirnov) test rejects the hypothesis that the two originate from the same parent
distribution at the 0.001 level. In constructing the distributions we discard structures with lengths less
than 0.2 pc, as these have too small aspect ratios to be considered filamentary. There is an indication
that the shift towards lower widths becomes more pronounced as we raise this threshold to 0.4 pc.
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Figure 6.1: Disperse skeleton on the Herschel image of the Polaris Flare
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Figure 6.2: Distribution of widths along filaments in the Herschel image.
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Figure 6.3: Map of filament widths found with FilTER, smoothed with a 5 arcmins boxcar filter.
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Figure 6.4: Left: Normalized distribution of widths found with FilTER in the entire map (solid black)
and in region A (dotted red) for all structures longer than 0.2 pc. Right: CDF of the same distributions.
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Chapter 7

Sub-regions analysis

Having explored the various observed properties of the cloud and their variation across the map, we
now focus on the two regions of interest presented in Figure 7.1.

7.1 Region A

Region A contains striking features both in dust emission and in polarization. Both By and striation
orientations throughout the area are ordered. This is apparent in the distribution of polarization angles
shown in panel (a) of Figure 7.2. The distribution of 6 resembles a normal distribution with a mean at
153° and a standard deviation of 00,ps = 11°. The mean observational error (panel b) is 7.6° while the
80t percentile of the distribution is 10°. Therefore, a significant contribution to the observed spread
is due to the measurement error.

In addition to this uniformity, the mean directions of the field and dust structures appear to be
aligned and this occurs to a greater extent than in the rest of the map. This is supported by the
comparison of the normalized CDFs of |§ — Ormr| shown in Figure 9, panel (c). Inside the region
(dashed red line) 75% of the differences |# — Ogur| lie in the range [0°, 30°], whereas outside (solid
black) only 57% are in the same range.

Another characteristic of region A is that it exhibits a higher fractional linear polarization than
the rest of the map, as seen in panel (f) of Figure 5.1. We compare the distribution of py in region
A (filled red) and in the rest of the map (black empty) in panel (d) of Figure 7.2. It is clear that py
in the region extends to higher values than out of the area, and that the mean p; (dashed line: out,
dotted line: in) is lower outside the region.

7.2 Region B

Region B shows a rather different picture than region A. In this area, which is the densest part of
the cloud, the plane-of-the-sky field seems to bend along the MCLD123 filament. The left panel of
Figure 7.3 shows the distribution of 6 for this region while the right panel shows the distribution of
relative orientations, |@ — Orpr|, for region B (filled red) and the rest of the map (empty black). The
distribution of # peaks at 90°, but has a standard deviation of 25°. The spread is partly due to the
large-scale curvature of Bpes in the vicinity and on the MCLD123 filament. The values of [# — Ogrur|
show a slight preference for alignment, although they extend to angles consistent with orthogonality.
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Figure 7.1: Herschel dust emission map of the Polaris Flare together with the polarization segments.
Region A and Region B are shown zoomed in.
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Figure 7.3: Left: distribution of polarization angles in region B. Right: distribution of |§ — Ogyr| for
region B (filled red) and the rest of the map (empty black).
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Chapter 8

Discussion

In this work we examine the role of the magnetic field in the Polaris Flare cloud structure and
dynamics. The main results are the following. Firstly we combined the high-resolution Herschel dust
emission data with the polarization data from RoboPol. We found that the elongated dust structures
(filaments and striations) are well aligned with the plane-of-sky magnetic field. This alignment is more
prominent in regions where the fractional linear polarization is high (and the number of significant
polarization measurements is large). We noticed that the projected magnetic field of the cloud
presents a very inhomogeneous structure. There are regions where it is uniform and others where
the measured orientations appear random, or significant measurements are entirely absent. These
characteristics may provide hints on the nature of the 3D field. Let us consider region A, which has
the largest density of significant polarization measurements. This is not due to variation in stellar
density, observing conditions or other systematics. Therefore, region A must be characterized by
higher polarization efficiency.

The increased polarization efficiency of region A could be the result of:

i) increased alignment efficiency (e.g. more background radiation, a larger amount of asymmetric
dust grains, larger grain sizes),

ii) more uniform magnetic field along the line-of-sight,
iii) increased Bpos.

Additionally, the alignment of the linear structures with the ordered magnetic indicates that tur-
bulence is sub-Alfvenic and the magnetic field is dynamically important. This claim is also supported
by additional work presented in [Panopoulou et al.| [2016]. In this work we estimated the strength of
the plane-of-the-sky field and the ratio of turbulent-to-ordered field components in two regions of the
cloud: one containing diffuse striations, and the other harbouring the highest column density filament.
Polarization measurements can be used to estimate the strength of Bj,s under the assumption that
the polarization angle dispersion (66) is caused by the action of hydromagnetic waves perpendicular
to the (mean) magnetic field, Davis | [1951], (Chandrasekhar & Fermi | [1953]. Based on the idea that a
strong field will resist distortion and therefore, 66 will be small, DCF derive:

ov
Bpos & \/47Tﬂ@, (8.1)

where p is the volume mass density of the gas and dv is the velocity dispersion perpendicular to the
observed field (along the line-of-sight). The last quantity, 66, can be expressed as the ratio of the
(root-mean-squared) turbulent component of the magnetic field (<B§>1/ 2) to the ordered component
(Bo)[Hildebrand et al. |, 2009):
N <B%>1/2

00 =~ B, (8.2)
The results indicate that the ordered component of the magnetic field is larger than the turbulent
component and the magnetic field is dynamically important in both regions.

36



Summary

We combined RoboPol optical polarization measurements and Herschel dust emission data to infer
the magnetic field properties of the Polaris Flare. We found that linear dust structures (filaments
and striations) are preferentially aligned with the projected magnetic field. This alignment is more
prominent in regions where the fractional linear polarization is highest (and the number of significant
polarization measurements is largest). This correlation supports the idea that variations in the align-
ment are partly caused by the projection of the 3-dimensional magnetic field. We investigated the
possibility of important spatial variations in the filament widths and found only a slight indication of
such an effect. Using the Davis (1951); Chandrasekhar & Fermi (1953) and Hildebrand et al. (2009)
methods, we estimated the strength of the plane-of-the-sky field and the ratio of turbulent-to-ordered
field components in two regions of the cloud: one containing diffuse striations, and the other harbour-
ing the highest column density filament. Our results indicate that the magnetic field is dynamically
important in both regions.
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