Star Formation in clouds and cores: what does polarization hint us?
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Cores are dense gas precursors to individual stellar systems. Understanding their polarization
properties is important as the polarized thermal radiation from dust grains are an important tool
for studying the magnetic fields within the star-forming region. In general polarization levels tend
to be low, perhaps indicating that the dust grains are not well aligned in cores and that most of
the polarized radiation observed towards these cores is from the less dense gas envelopes in the
surrounding cloud. In this project, I will not only show how the polarization varies between the
cores and their surrounding background but also explore the various physical properties of these
cores and discuss their formation process in Giant Molecular Clouds. Using the different starless,
pre-stellar, and proto-stellar cores and their respective locations from the "derived cores" catalog
of the Herschel Gould Belt Survey I have extracted the stokes parameter maps and polarization
intensities using the Planck 353 GHz polarization data toward the Taurus molecular cloud. By
stacking the polarization maps, I investigate whether the polarization intensity is higher for the
cores when compared to each other as well as its surrounding background. Stacking also helps to
improve the S/N thereby helping us extract a more detailed structure of the source. The results of

my analysis show that cores are infact more polarized than their surrounding envelope cloud.

I. INTRODUCTION

Our galaxy is producing stars at a rate of between
1 and 4 solar masses per year. In contrast to elliptical
galaxies, which are mostly empty of star formation, spiral
galaxies continue to generate stars due to their molecular
gas reservoirs, which provide the fuel for future stars.
The discs of spiral galaxies are made up of both stars
and gas. This is where the gas condenses into molecular
clouds, which are cold, dense molecular regions where
new stars emerge. The vast majority of stars are formed
in huge molecular clouds, also known as giant molecular
clouds (GMCs).

Giant molecular clouds have the following Physical
properties :

e Temperature(T) : 10-30 K

e ny: 102 to 108¢m =3

e Volume Filling Factor : 0.0001

e Cooling by fine CI structure lines, CO emission
e Usually self-gravitating

e Observed with : CO,CI,OH,NH3,CH,CS,HCO+

In this project, we will look closely at the Tau-
rus Molecular Cloud (TMC) which is the nearest star-
forming GMC at about 140 pc away. This proximity will
help to resolve the individual cores better down to a 0.1
pc scale. Taurus also has a less clumpy nature as com-
pared to other GMCs like Perseus, which allows to isolate
the cores and extract the properties of their envelopes

FIG. 1: The Taurus Molecular Cloud located about 140 pc
away is the closes active star forming region to us, credits:ESA
Herschel

easily. Finally, the less inclination of the magnetic fields
also improves the measurements of the polarization pa-
rameters.

Our basic model of star formation begins with a molec-
ular cloud that collapses due to its gravitational pull.
There are two primary forces at work in this scenario:
gravity’s inward pull and outward gas pressure. The
cloud begins to fragment when gravity triumphs, which
it will if the cloud is large enough. Stars form when the
cloud reaches a high enough density.

This critical mass above which gravity starts to domi-
nate is called the Jeans mass.
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Where )\; is the critical jeans length, k; is the Boltz-
mann’s constant, v is the ratio of specific heats of gas(
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eg. v is % for monoatomic gas), u is the mean molecular
weight( 4 = 1 for pure neutral hydrogen gas), p is the
density of the gas and T is the temperature of the gas.
Hence, the Jeans mass is the mass contained in a volume
with a radius of Jean’s length.

FIG. 2: [5]Fragmentation of the filaments in the Nessie Neb-
ula. Once the cores reaches its critical Jean’s Mass they start
to fragment just like beads on a string.

Mestel (1965a,b) [I] argued that magnetic fields play
an important role in star formation. He noted that an
average region of the interstellar medium (ISM) with a
stellar quantity of mass cannot simply collapse to stellar
densities due to the presence of too much angular mo-
mentum. Magnetic fields, he claimed, are likely to be
important in eliminating that angular momentum. He
also pointed out that the average region of interstellar
medium holding a stellar-mass contains too much mag-
netic flux to collapse to stellar densities. As a result,
the magnetic field must strike a balance between allow-
ing angular momentum to be removed while also escap-
ing from the collapsing material. Magnetic fields thread
star-forming molecular clouds, which are presumably in-
herited from the galactic-scale interstellar medium from
which they formed. However, the importance of the mag-
netic field in the early stages of star formation is still not
completely clear.

Since the elongated grains are generally recognized to
have a preferential orientation with their longer axes per-
pendicular to the local magnetic field, the polarised ther-
mal emission from dust grains at infrared /sub-mm wave-
lengths has been considered a reliable tracer of plane-
of-sky magnetic field morphology in dense star-forming
clouds. These polarized thermal emissions help us to map
out the magnetic field in the star-forming cores allow-
ing us to probe into the complex structures which finally
shape the Initial mass function. Dense cloud cores grav-
itationally collapse in GMC to form stars. To acquire

insight into the initial conditions and stages of the star
formation process, researchers are studying and defining
the features of dense cores.

In recent years, there has been substantial progress in
our observational understanding of low-mass dense cores,
and four main groups of cores can now be recognized
within neighboring molecular clouds, which may indicate
an evolutionary sequence: starless cores, prestellar cores,
candidate prestellar cores, and protostellar cores. Star-
less cores are presumably temporary concentrations of
molecular gas and dust without embedded young stellar
objects (YSOs), as shown in tracers like C180, NH3, or
dust extinction, but without evidence of infall. Candi-
date prestellar cores are more-denser than starless cores
and show signs of a central heating source or a YSO
(young stellar object). Prestellar cores are also starless
(M* = 0), but they are a denser, more centrally concen-
trated population of self-gravitating cores that are un-
likely to be transitory. They’re most commonly found
in (sub) millimeter dust continuum emission and dense
molecular gas tracers like NH3. Finally, the protostel-
lar cores have a young accreting protostar embedded in
them. They form when candidate prestellar cores un-
dergo a collapse. Understanding these stages will give us
a clear picture of the role of the magnetic field in star
formation down to the smallest scales.

II. GIANT MOLECULAR CLOUDS AND
FILAMENTS

The principal ingredients of the cold, dense clouds in
the interstellar medium are dust and gas, primarily in
the form of hydrogen molecules. The largest of these
molecular clouds, known as Giant Molecular Clouds, have
temperatures of roughly 10-30 Kelvin, density of up to
102-103 particles/cm3, masses of a few to over a mil-
lion solar masses, and diameters of 20 to 200 parsecs.
Star formation occurs mainly within molecular clouds,
which are found largely in the discs of spiral galaxies
and the active areas of irregular galaxies, according to
observations. We can’t see molecular clouds directly in
visible light since they’re cold and black. However, they
emit longer millimeter-wavelength radiation that is un-
touched by the interstellar medium. Molecules can only
rotate and vibrate at specified speeds, just like electrons
in an atom can only exist at specific energy levels and
must absorb or release energy when they transition from
one energy level to another. When a molecule changes
its rotational state, energy must be absorbed or emit-
ted, with the minuscule energy difference corresponding
to millimeter wavelengths.

One issue is that, although being the most abundant



Faster vibration Faster rotation

Slower vibration Slower rotation

FIG. 3: Molecules can emit radiation by changing either their
rotational or vibrational states. A change in the rotational
state of the CO molecule results in a photon emitted at mil-
limeter wavelengths.

component in molecular clouds, molecular hydrogen is
extremely difficult to detect. One reason for this is that
the strength of spectral lines from molecules is propor-
tional to their asymmetry. The spectral lines of the hy-
drogen molecule are exceedingly faint since it is fully sym-
metric (it contains two hydrogen atoms). It takes a sig-
nificant amount of energy (500 K approx.) to change its
rotational state. This is particularly difficult in a cloud
whose maximum temperature doesn’t exceed 30 K.

Carbon monoxide molecule (CO) in particular has
shown to be quite useful in detecting these GMCs. It
has been determined that for every CO molecule, there
are around 10,000 hydrogen molecules, implying that
molecular hydrogen can be traced by the CO molecule’s
emission. This is the most common method for locating
molecular clouds.

FIG. 4: |2] A CO map of the Milky Way shows that the
molecular clouds are primarily located in the galactic disk.

Dense structures in GMC are found in 0.1 pc scales.

This cartoon by Pohkrel et el 2018 gives a better per-
spective into the multiscale nature of GMCs which can
be 10s of pc across. As you go down in distance from
cloud to actual disks and stars( 100AU) you encounter
denser structures. Filamentary structures are a common
feature in the ISM, especially found in Giant Molecu-
lar Clouds. This is a result of the continuous injection
of turbulence in high-density regions. The interplay be-
tween gravity and turbulence is what finally causes these
long filamentary structures. It is very important for us
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FIG. 5: [8] Cartoon showing the multiscale structure of GMCs

to study and characterize the size and shape of these fila-
ments as they represent a very crucial phase in the early
stages of star formation. Mainly prestellar and proto-
stellar cores are found to be embedded in these filaments
once they reach a certain critical mass length and start
fragmenting. Filaments are typically described as hydro-
static cylinders that fragment when subjected to linear
perturbations. Other environmental factors, such as tur-
bulence, accretion, or magnetic fields, can induce addi-
tional fragmentation modes, according to some studies
(Andre et al. 2017). Once these hydrostatic isothermal
cylinders reach a certain critical mass length,
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They start to fragment just like beads on a string.
Fragmentation occurs at the Jeans Length,

FIG. 6: Dense Cores existing in filaments, Taurus Molecular
Cloud



III. DATA USED AND METHODOLOGY

The 353 GHz all-sky Planck map was used for the
Taurus molecular cloud (Longitude: 174 deg Lati-
tude:13.45deg). The location of the respective cores (
starless, candidate prestellar, prestellar, and protostars)
have been taken from the Herschel Gould Belt Survey.
Herschel’s survey also provided the column density and
dust temperature maps.
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FIG. 7: The Planck 353GHz Polarization Map
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Using the locations of the cores, I extracted the respec-
tive column density and dust temperatures of the cores,
which helped in the analysis of the core properties. For
the analysis, AstroPy was used, which helped me to con-
vert from the respective coordinate system and extract
the parameters from the maps.
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FIG. 8: Herschel Gould Belt Survey dust temperature and
column density data of the Taurus Molecular Cloud

The Planck maps provided the polarization data as I,
Q, and U maps of the respective region. With the knowl-
edge of the core type and location, I was able to recreate
the polarized maps of these cores and extract the relevant
properties like degree of linear polarization, polarization
intensity, and polarization fraction to name a few. Since
these cores do not have a well-defined boundary and the
resolution of Planck is not high( 5 arc mins) enough to
resolve them well, it gets extremely difficult to segregate
and study the individual cores from their surrounding
clouds. This is a problem as we want to observe and
study how the polarization would vary between the cores
and their surrounding envelope.

To address this, I am using stacking analysis which is
a commonly used technique for studying faint sub-mm

galaxies. Using cutout-2D function of AstroPy I made
a huge list of individual cores centered around 30 X 30
pixels. After which I stacked these individual images,
applied a high pass filter to get rid of all the unwanted
structures, and finally took a mean to get my maps.
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FIG. 9: Stacked mean I,Q and U Maps. This shows detailed
structure of the various types of cores and their surrounding
envelopes.

IV. TYPES OF CORES

A. Starless Cores

The simplest star-forming settings are starless cores in
surrounding clouds. They do not have a central heating
source or an embedded YSO( young stellar object) They
collapse and generate individual stars (or binaries) in al-
most complete isolation, with little apparent impact from
the surrounding cloud or prior star generations. Starless
cores are good sites to study the still unknown mecha-
nism by which interstellar matter collapses and creates
gravitationally bound self-luminous objects. The starless
cores of the Taurus molecular cloud have the following
mean properties :

e Mass: 0.0325 Mgy,

e Radius: 0.0235 pc

e Temperature: 12 K

e Column Density : 0.9339 * 10%!em =2

When we find a starless core, we're looking at a sys-
tem that will most likely collapse into a star. As a result,
starless cores provide a snapshot of the early phases of
star formation, as well as the early stages of the process if
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