Abstract

I am studying a nearby star forming region in Perseus, NGC1333. This region is approximately 350 parsecs away and covers an area of approximately 1 square degree on the
sky. Surveys of this region show that there are over 100 young stellar objects in the cloud.
The activity from forming these stars affects the surrounding gas. Massive stars blow off
gas, halting star formation around them, but that pushed off gas collides somewhere else
and may collapse to form more stars elsewhere in the cloud.
I am looking at how the dynamics of star formation affect the movements of the cloud
by locating outflows, infalls and bipolar jets. All of these processes affect the motions of
the gas within the cloud. I accomplish this by taking spectra of the two main isotopes of
carbon monoxide in the molecular cloud. Using velocities corresponding to the peak of the
emission, I can infer the velocity of the cloud relative to Earth. The use of two different
isotopes gives information on the temperature and density of the gas in the cloud to be used
in future work. This information will allow me to learn more about star formation and its
effects on NGC1333.
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Chapter 1

Introduction
Molecular clouds are the nurseries of the galaxy: within these relatively small regions,
hundreds of stars are being born. These clouds have typical temperatures of 10 K - 100 K,
so there is cool gas containing molecular hydrogen, carbon monoxide, nitrogen and many
more kinds of molecules. Since it is difficult to observe the hydrogen directly, we can
observe the emission lines from the carbon monoxide to learn about the dynamics of the
star forming region. This approach is called using “tracer” molecules, we are effectively
tracing the region where hydrogen probably exists in numbers proportional to the carbon
monoxide. We observe two different isotopes of carbon monoxide, this approach gives us
information about the temperature and density of the cloud as well as the velocity.
I am studying NGC1333, a small cloud within the constellation Perseus approximately
350 parsecs away from Earth. This cloud is one of the closest star forming regions, making it
a great area to study since there are few objects and little dust in the way. Many studies of
this region have already been conducted, but none to the detail that we can achieve using the
Heinrich Hertz Submillimeter Telescope [1, 2]. NGC1333 covers an area of approximately
1◦ × 1◦ in our night sky. This means the star forming region is about 6 parsecs in diameter.
Most of the protostars are clustered within the central 2 pc.
The stars being so close together causes the gas to become very active in some regions
due to the jets and accretion disks of the protostars. By comparing my observations with
others recently made of NGC1333 [3, 4], I can locate bipolar jets, outflows, and infalls that
may lead to more protostars. Protostars are objects in the stages of evolution immediately
before joining the main sequence. In these stages, the cloud has already collapsed into a
core and gas is now falling onto that core to make a star. In the earliest stages, these young
stellar objects eject matter back into the cloud at high speeds as bipolar jets to remove some
of their angular momentum. At different stages, the stars are bright in different wavelength
bands [5] due to different amounts of material flowing into the stellar disk or out of the
stellar core. I will investigate the effects of the protostars and star formation in NGC1333.

5

Chapter 2

Observations
The data used in this analysis come from the Heinrich Hertz Submillimeter Telescope on Mt.
Graham. This is a 10 meter diameter telescope with equipment for making observations at
short radio wavelengths. The data were collected over a period of about 1 year, starting in
January 2008 to March 2009. Instead of observing the molecular hydrogen directly, we are
using common molecular “tracers” 12 CO and 13 CO to map the region.

2.1

The Heinrich Hertz Telescope

The HHT is an Altitude/Azimuth telescope operated by the Arizona Radio Observatory
[2]. This design allows the telescope to create very uniform raster lines which makes it
perfect for our use, see Section 2.2. The only disadvantage is when the target object is close
to zenith, the telescope has to rotate at high speeds, this causes the edge of the raster to
become deformed (Figure 3.3).
We are using the 250 kHz filters on the telescope. These filterbanks have a set of velocity
channels, each channel accepts radiation in a 250 kHz (or 0.3 km/s) range. Each filterbank
has 128 velocity channels, each channel corresponds to a certain velocity, see figure 2.1.
This allows us to look at the data channel by channel, and thus creates the third axis in
the velocity maps (Section 3.1). We use the Doppler shift to convert the frequencies to
velocities, since we want to know the speed of the gas in the cloud. The frequency of the
emission lines are known for each isotope and the difference between the observed frequency
and the rest frequency is related to the velocity of the gas by
∆f = −f0

vs
,
c

(2.1)

where f0 is the rest frequency, vs is the source velocity and c is the speed of light in vacuum.
We are using the ALMA Single Sideband Receiver as a test for the NRAO [6]. It has two
sidebands, upper and lower, and each with a horizontal and vertical polarization receiver.
A sideband is a range of frequencies either above (upper) or below (lower) a local oscillator
frequency. The sidebands are mirror images of each other, the channels in each sideband
start at 1 being next to the local oscillator (lo) frequency to the highest number being away,
whether that is lower of higher than the carrier frequency depends on the sideband. At the
telescope, the lo frequency is picked such that the 12 CO line is centered in one sideband and
6

Figure 2.1: This shows the spectra for the full maps of 13 CO(upper) and 12 CO(lower). The
left axis is strength of the line in units of antenna temperature [TA (K)], the top axis is
the channel and the bottom axis is the velocity in km/s. These spectra have already been
processed and regridded.
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the 13 CO line is centered in the other. Each ALMA receiver can only accept one polarization
of radio waves; half of the channels receive vertically polarized radiation and the rest of the
channels receive the horizontal polarization. We have 2 different features that we would like
to observe simultaneously, so the upper sideband focuses on 12 CO and the lower sideband
on 13 CO. Thus the data now come from four spectra, which are named a-d, two for each
polarization and two for each wavelength range.

2.2

Field of View

To create uniform maps, the telescope scans back and forth in right ascension and increases
by 10 arcseconds in declination with each pass. Each line in the raster pattern is an
individual scan in a CLASS file (defined in Section 3). There are approximately 60 raster
lines in each field each covering 10 arcminutes, this gives the total subfield a field of view
of 10′ × 10′ . The telescope scans at a rate of 10′′ /sec, the spectra information is being
recorded constantly so the spectra information needs to be rebinned to create square pixels.
The data is run through the pipeline, similar to the calibrations in Section 3.1, where the
scans are rebinned in addition to removing the noise. The telescope beam has a diffraction
limited resolution of 32′′ at the observing wavelength. Due to the overlap of the raster, the
spectra can be interpolated such that the pixel size in Dec is 10′′ . In RA, the data taken
are 4′′ samples averaged to make one 10′′ pixel. There is an overlap of each pixel since 10′′
of information is taken from either side of the pixel location. The final result is a 10′ × 10′
field with a pixel size of 10′′ and a diffraction limited resolution of 32′′ (Figure 2.2-2.3).

2.3

Emission Lines

To observe the dynamics of NGC 1333 in Perseus, we are observing the emission lines from
two different isotopes of carbon monoxide, 12 CO and 13 CO. These are excellent lines to
observe because carbon monoxide is one of the most abundant gases in molecular clouds,
even though it is 1000× less abundant than H2 which is the dominant molecule in interstellar
molecular clouds. We cannot observe molecular hydrogen directly because it has no dipole
moment due to symmetry. The typical lines to observe are rotational excitations and deexcitations, in atoms with large dipole moments, these lines are very strong and occur
frequently. Since molecular hydrogen is symmetrical, there is no dipole rotational line
making the hydrogen nearly impossible to observe. Carbon monoxide has a strong dipole
moment and emission from the rotational transitions occurs in radio wavelengths.
We are using the transition from J=2 to J=1 for both isotopes. In 12 CO this transition
occurs at 230.538 GHz and at 220.399 GHz for 13 CO. The difference of 10 GHz allows
the lines to be observed independently on the two ALMA receiver sidebands (described in
Section 2.1) Being able to gather information on both isotopes gives us more information
on the cloud. The 12 CO is optically thick and is 50 times more abundant than the 13 CO. It
is this difference in the optical depth that makes it advantageous to observe the two lines
simultaneously.
To best explain why the optical depth is important and gives us a great advantage when
observing the two lines simultaneously, I will discuss the equation of transfer. This equation
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Figure 2.2: This is the integrated intensity of the 12 CO line. The grid lines, in green, show
the different subfields which are labeled in black on the right and top axis. The typical
naming convention is RA Dec. For example, the subfield in the uppermost left corner is
6 8.
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Figure 2.3: This shows the integrated intensity for 13 CO with the same grid lines in green
as the 12 CO image. The same naming convention is used on the subfields and is labeled
here as well.
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defines how radiation (from a background star for example) propagates through a medium;
here it is our gas of 12 CO and 13 CO. Depending on the abundance of the gas, after a certain
distance, this photon will be absorbed and re-radiated in a random direction. This process
repeats until the photon exits the cloud, but this may not be in the original direction of
travel. By starting with the surface brightness of the object, we get the change in brightness
over the line of sight
dIν
= −ρκν Iν + jν
(2.2)
ds
also known as the equation of transfer [7]. The quantity 1/ρκν is the mean free path and
jν is the emissivity. Since we see the radiation along the entire line of sight, I integrate s
so get a measurable value of Iν
Iν (r) = Iν (R∗ )e−τ .
(2.3)
In this equation, τ is the optical depth, Iν (r) is the detected brightness and Iν (R∗ ) is the
internal brightness. By canceling similar quantities, I get for the brightness temperature
TB = TK e−∆τ ,

(2.4)

where TK is the kinetic temperature of the cloud. If the optical depth is large, i.e. τ >> 1
as is the case for 12 CO, then the exponential term goes to zero and TB ≈ TK . Therefore,
the map of the 12 CO gives us a gauge of the temperature of the cloud. If the optical depth
is small, such as τ << 1 for 13 CO, then we can Taylor expand the exponential and get
TB ≈ τ TK . If we divide the two maps, then we get a measurement of the optical depth of
the cloud. Since ∆τν = ρκν ∆s, we get a measurement of the column density of the 13 CO in
the molecular cloud. Being able to observe both of these quantities at the same time allows
us to get much more information from the cloud. The density of the CO can be used to get
an estimate of the molecular Hydrogen in the cloud as well.
As an example of the difference the optical depth can make, Figures 2.2 and 2.2 show
the integrated intensity of both lines. The 12 CO map shows very few bright spots, the one
that is there is due to a B star heating up the cloud. The map is relatively smooth and
uniform. The 13 CO map has clumps that do not appear in the brighter 12 CO line. This
shows that there are regions of dense cool gas. For now, I will focus on the creation of the
maps and the detection of jets. But in the near future, the maps I created will be used
for more science in the region based on the differences in optical depth between the two
isotopes.
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Chapter 3

Data Reduction
This section describes how the spectra were turned into 3-axis velocity maps. The process
was multi-step, first the data were downloaded from the telescope and converted to CLASS
files. CLASS is a program created by the University Astrophysics Group in Grenoble,
France. It is a spectroscopy software package that we use to manipulate and view spectra
from the telescope.
Next, these files are run through a macro called the pipeline where the information
is regridded as mentioned in Section 2.2 and the systematic noise removed. This uses a
program called MIRIAD, a software package for radio astronomy spectroscopy specifically,
created by BIMA (UC Berkeley, U Illinois, U Maryland) and Australia Telescope. Finally,
everything must be calibrated to create an accurate and cohesive map of the region.

3.1

Creating a Velocity Map

The original spectra from the telescope can have a large amount of background noise.
This noise is usually due to an instability in the receiver and results in the baseline of the
spectrum being slanted, curved, or non-zero. To compare the spectra these differences must
be removed; this is the first step in the data reduction.
To begin, the original telescope data is sorted and put into 4 different CLASS files, one
for each sideband and polarization. CLASS is a program that can fit multiple parameters of
the spectral line, including the baseline(an exclusion window is given to account for the line
profile itself). When using CLASS, I determined the window by summing all of the spectra
and locating where the emission ends (Figure 3.1). Since I can only remove the baseline one
spectrum at a time and there are usually around 9,540 spectra per field, I utilized a macro
authored by Dr. William Peters (Steward Observatory, University of Arizona) that takes
a parameter file that specifies the range to fit and removes the baseline for all the spectra
in my class file. This macro runs the baseline command that fits a first order line to the
baseline of each spectrum. The line is then subtracted from the spectrum at every point.
In some cases, the base of the spectrum is not flat; for these cases, a higher order fit can be
used (this has only been done for the field 3 6).
Now that all the spectra are calibrated relative to each other in the observed field, the
entire file is converted to a format that can be read by MIRIAD. This process is included at
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the end of the previously described macro. MIRIAD reads the spectra at each point as an
intensity for a given velocity and location in space. These intensities are mapped using the
cgdisp task (I will discuss the parameters I used to display the information in further detail
later). Now I have a finished sub-field map for each polarization of each isotope, Figure 3.2
shows a subfield at each stage of the data reduction process.

3.2

Calibrations

Before I combine the images, I need to calibrate the sub-fields. Earlier I subtracted baselines
from the spectra which corrected each one in the sub-field, but the intensity of the line needs
to be standardized. Multiple times during an observation, calibration objects are observed,
usually before and after the target field (not during unless observations were broken for
some other reason). These are objects for which the spectral intensity is known and can be
used to calibrate other spectra.

3.2.1

Creating Scale Factors

The calibration files are spectra from a different source called W3(OH). These spectra are
separated from the rest of the data in CLASS using the “set source” and “set telescope”
commands. They are then put into four different files corresponding to the band. The
baseline is removed from each set of calibrations, the area under the spectral line and the
location of the peak are also calculated. These commands are part of the second macro that
runs the remove baseline commands and “moment” on each spectra (the zero-th moment
is the area of the spectral line and the first moment is the location of the peak). The
integrated line gives the total intensity, this is known for our calibration to be 200 K km/s
for 12 CO and 90 K km/s for 13 CO. Additionally, the velocity of the center of the peak is also
known (−47.5 ± .3 km/s), so if there is a shift in the velocities, that can also be corrected.
The calibration moments are divided into the known value, this is the scale factor for that
calibration.
Each field has approximately 2 to 5 calibrations. The zero-th moment of each is averaged
to determine the value used for the scale factor. This factor will be multiplied to the sub-field
so that the fields have a consistent intensity and match when put together. The detected
intensities do not vary often during one night of observing, the calibrations mostly serve to
correct for day to day or month to month changes.

3.2.2

Calibrating NGC1333 Peak

During the first month of observing NGC1333, the calibration source NGC1333 peak was
used instead of W3(OH). However, this is not a known source and thus has not been
calibrated previously. In November 2008, this source was observed and W3(OH) calibrations
were taken before and afterwards.
To calibrate NGC1333 peak the same procedure was used. Instead of determining a
scale factor, I determined the the correct integrated intensity for this source so I could use
the previously observed calibrations. I determined the first moment should be 53.13 K km/s
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Figure 3.1: This image shows the spectra of two different fields, the top is 2 6 and the
bottom is 4 6. There are two sets of excluded window lines per each image. This first
window is to exclude noise from one of the filter bank channels. The second window is
chosen to have at least 1 km/s between the edge of the window and the beginning or end of
the detectable emission. There is more emission in 4 6, this is why the windows much be
chosen for each field on an individual basis.
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Figure 3.2: This shows subfield 4 3 in 12 CO at each step in the data reduction process. The
left side are the horizontal polarizations and the right side are the vertical polarizations.
The top images are the raw data before scaling and destriping. The center images show
the scaled, destriped subfields ready to be combined. The bottom image is the combined
horizontal and vertical polarizations for the 4 3 subfield. In the upper lefthand corner of
each image is a white box with two numbers. These identify the velocity (9 km/s) and the
channel (either 52 or 161) of each image.
15

for 12 CO and 27.84 K km/s for 13 CO. I also compared the central velocities to insure there
were no velocity shifts in the original data.

3.2.3

Applying the Calibrations

After calculating the scale factors, for each sub-field, I re-grid the data and calibrate it.
The raw data has velocity steps of 0.3 km/s, during the regridding process, the gaps are
interpolated from the neighboring velocity channels. When finished, the data has steps of
0.15 km/s in velocity. This is completed using a macro called “doall pera”.

Figure 3.3: This is the raster (scanning) pattern for region 3 3. We hope for the lines to be
as straight as possible for best coverage. Where the lines deviate on the edges is tolerable
because that is due to the object being to close to zenith and the telescope having to move
so quickly to track it.
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Also included in this script is a destriping command. Additional systematic noise can be
created because the telescope is scanning across the sky in a horizontal pattern (see Figure
3.3). This noise gives the image the appearance of horizontal stripes. By taking a two
dimensional Fourier transform of the data, we can delete the purely horizontal systematic
noise components. In the 2-D Fourier Space, the frequency that corresponds to horizontal
stripes is when u=0. By deleting the u=0 components and transforming the data back
to position space, most of the horizontal stripes are removed. While this destriping is
important, the main point of “doall pera” is the calibration of the spectral lines.
When calling the macro, I must specify the file name where the image data is stored in
MIRIAD format, the scale factor and a velocity shift (if there is one). The macro calls a
MIRIAD program to multiply the spectra by the scale factor, the effect of which is shown in
Figure 3.4. If this is not done properly, then the data in adjacent sub-fields will not match
and there will be an edge. Additionally, the strength of the line determines the temperature
and column density of the clouds, thus correct calibrations will be extremely important later
in the project. If a velocity shift needs to be applied, the shift is added to the velocity in
each channel, so the spectra shifts on the velocity axis. Running the “doall pera” macro is
the last step before combining the two polarizations and completing the sub-field maps.

3.3

Stitching Together the Sub-Fields

Since each filter bank can only collect one polarization of the radiation, I must combine
each to have the complete image. The cloud emission is unpolarized, so each filter collects
independent measurements of the same information. Therefore, by combining the two
polarizations, background noise can be reduced improving the signal to noise ratio of the
maps. By using the MIRIAD task imcomb I can combine the images while weighting them
by the rms noise in each polarization. The weights optimize
√ the signal to noise ratio of the
image. In general, the background noise is reduced by 2 since the integration time per
pixel is doubled.
The same process is used to create the total region map. I have fitted all the sub-fields
to a template during the doall pera process. Now they can be added together since they
are all on identical grids in RA, DEC and velocity (this is necessary for the program to
work properly). I created a file with the names and locations of all the complete sub-fields
along a file of the rms noise values for the respective field. I combine the subfields by giving
the imcomb task these files. The rms is necessary for this step so the regions of overlap
are weighted properly. Even though the overlaps are small, the smooth combination at the
seam is what makes the image look cohesive. I repeat this process for both the 12 CO and
13 CO fields. This gives me a final map of 30 sub-fields, each with a field of view of 10′ × 10′
for a total field of view of 0.83◦ × 1◦ with 32′′ resolution and 10′′ × 10′′ grid cells (Figure
3.5 - 3.8).
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Figure 3.4: This shows the spectra of sub-region 5 8 before (shorter red line) and after
(black line) scaling. Scaling factors typically range between 0.9 and 1.4. After scaling, the
noise in the entire image is uniform.
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Figure 3.5: This is an image of the complete field at -9 km/s. This highlights one of the
most prominent bipolar flows in the region, this is the same region with the bright B star.
The emission of this feature covers -10 km/s to 16 km/s. This is a great example of how
well the subfields were stitched together. The noise levels are low in each field and uniform.
The color scale is logarithmic to emphasize the low-brightness features.
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Figure 3.6: This image highlights the peak of the spectra for the entire cloud for the 12 CO,
the most emission is seen at this velocity. The color of this image is a logarithmic stretch
from 0 K to 35 K to highlight the dynamic range of the features. The brightest center spot
may also be a region with a B star in the center. Also, this spot migrates with velocity, as
velocity increases, the spot moves up and to the right. This is shown later as an overlay for
the IRAC images (Figure 4.2).

20

Figure 3.7: This is the lowest-velocity detected emission for the 13 CO wavelengths. It is
not the bipolar jets, but some wispy gas. This gas could be the result of the active star
formation, the gas appears to be being blown out of the cloud. The color of this images is
a linear stretch from 0 K to 5 K to highlight the low intensity gas. This also shows the low
and uniform background noise.
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Figure 3.8: This is the same peak velocity as the 12 CO. While there are some similar
features, this image is looking deeper into the cloud than the other isotope due to the
differences in the optical depth of the isotopes. There is a great deal of structure in the gas
at this velocity. The gas does not appear as smooth as the 12 CO. This is also a logarithmic
stretch in color to emphasize the fainter emission.
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Chapter 4

Analysis
In this section, I compare my velocity maps with emission at other wavelengths and maps
of young stellar objects (YSOs). I am focusing on the images obtained from the Spizter
Space telescope using the IRAC and MIPS cameras in Section 4.1. These images allow me
to find the velocity of the features in those images and compare them to features in the
CO. I am also using a map of young stellar objects in NGC1333 obtained from Gutermuth
et al. [5] to locate bipolar jets and outflows.

4.1

Spitzer Images

I accessed the Spitzer Space Telescope Archives [8] to download images of NGC1333 taken by
IRAC and MIPS. The InfraRed Array Camera (IRAC) detects radiation at 4 wavelengths;
3.6 µm, 4.5 µm, 5.8 µm, and 8.0 µm. The images have a 5.2′ × 5.2′ field of view with
1.2′′ ×1.2′′ pixel size. Multiple IRAC images have been stitched together in area of NGC1333
to create an image with a FOV of about half our observed area. Each wavelength probes a
different material in the sky. The 8 µm wavelength images detect emission from Polycyclic
aromatic hydrocarbons (PAHs) in the molecular cloud. PAHs are linked groups of cyclic
carbon lying in the same plane, these are important heating agents in molecular clouds
and are easily excited by radiation from stars [7]. The other IRAC wavelengths highlight
the young stellar objects, a classification scheme is developed based on their strength in
different bands [5]. These classes of YSOs will be discussed further in Section 4.2. I also
downloaded the images from the Multiband Imaging Photometer for Spitzer (MIPS) in the
24 µm band.
I have overlaid contours of our radio observations with the Spitzer images. In Figure
4.1, the 2 km/s frame shows the lowest velocity detectable emission, believed to be a bipolar
jet from the nearby YSO (also visible). This feature and corresponding point source are
visible in both the 12 CO and 13 CO as well as all 4 IRAC bands. There is also a correlation
between the 12 CO contours at 7.42 km/s and the emission in the first IRAC band. This is
more apparent in the MIPS image in Figure 4.4. The contours fit nearly perfectly to the
24 µm emission, they completely outline the emission and do not cut through any other
spots. They do not align well to the 8 µm emission, while the contours still outline the
upper emission, they do not trace the connecting gas between the two dense clumps. The
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same contours move as a function of velocity across the blob (at 31◦ 24′ 0′′ and 3h 29m 20s ) in
the IRAC images. The 7.12 km/s contours are slightly lower and to the left where as the
7.72 km/s contours are slightly higher and to the right. This allows me to conclude that
blob of gas is moving at roughly 7.42 km/s and there is some sort of internal mechanism
causing the gas around it to be moving away.
Also interesting are the contours that outline multiple areas of emission. In the center
of the 5.52 km/s portion of Figure 4.1, the contours trace around multiple YSOs, the gas is
still clumped around all of the stars, not just individual ones. The same outlines are visible
in the center of the 4.73 km/s section of Figure 4.2. This leads me to conclude that the
stars in those areas are younger protostars, such as class 0 or 1, since they are still clumped
together and share a gas envelope.

4.2

Young Stellar Objects

The images from the Spitzer Space Telescope Archives were part of a survey project called
“Cores 2 Disks” (c2d). This survey took images from many different star forming regions in
an attempt to identify all the young stellar objects in that part of the sky. As a result, many
astronomers used this information on their own to create detailed lists of the YSOs and
their classifications [5, 1]. I have obtained the results from Gutermuth et al. (2008) to use as
an overlay for my radio emission observations. In that paper, the stars were split into four
different classes. These classes are the 4 main stages of evolution for a pre-main sequence
star. Class 0 are protostars (YSOs) where the cloud is still collapsing but outflows form at
the poles of the star. Class 1 are late stage protostars, they have formed an accretion disk
and have strong bipolar jets. The last types, class 2 and 3, are T Tauri stars. These stars
do not have strong outflows, they do have accretion disks, but are in the process of blowing
them off and joining the main sequence.

4.2.1

Identifying Bipolar Jets

I have created overlay files with the coordinates in RA and DEC of all the stars in Gutermuth
et al. (2008). I compared the YSOs with the cloud movements to locate bipolar jets (Figure
4.5). I also identified any previously discovered jets in the region and located them on my
map [4]. Instead of overlaying the star positions onto my multichannel velocity maps, I
created a first moment map in MIRIAD (the method is described in Section 3.2.1). The
first moment gives me the intensity-weighted mean velocity of the emission spectrum, it
takes
R
I × v dv
vmean = R
(4.1)
I dv
so I have the mean velocity of each pixel instead of the strength of the emission at each
velocity. By making the contours less than and equal to 6 km/s (this corresponds to the
typical centroid velocity, see Figure 4.6) in 12co blue and the ones greater than 6 km/s
red at 0.5 km/s intervals, I could easily distinguish areas that have a red and blue shifted
component.
The contours in Figure 4.5 were chosen to highlight the unknown bipolar jets. There
are some regions that have very strong circular contours and are believed to be jets, such as
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Figure 4.1: This shows 12 CO contours from 4 different velocity channels overlaid on the
IRAC 3.6 µm image. The contours of 7.42 km/s align with the upper most emission in the
IRAC image. There is a YSO in the center of the contours when velocity is 7.42 km/s.
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Figure 4.2: This is the IRAC 4.5 µm band with the 12 CO contours overlaid. The contours
in this images trace around some of the YSOs, but never trace the IRAC emission. In most
of the images, the contours appear to not correspond to the IRAC emission at all. The
image for velocity = 4.73 km/s shows the contours tracing around the YSOs. This implies
they are young and in a common gas envelope.

26

Figure 4.3: This shows the IRAC 8 µm emission corresponding mostly to PAHs. The contours of 12 CO are overlaid. This shows that the contours cut through the region connecting
the two blobs with the strongest 8µm emission. But the contours fit some features well in
the upper blob.
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Figure 4.4: This shows the contours of the 12 CO with the image of the MIPS 24µm emission.
This shows the migration of the strong 12 CO emission across the bright 24µm emission. At
the velocity of 7.42, the contours trace around the center green spot in the MIPS image.
This implies a velocity of 7.42 km/s for that section of gas.
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Figure 4.5: This shows the contours of the 12 CO velocity centroid (first moment) for the
inner 30′ . Overlaid in green are the YSOs; boxes are class 0 and 1, circles are class 2 and 3.
The protostars that have already been indentified to have bipolar jets are circled in black.
Areas with many concentric circles are believed to be bipolar jets. Red lines are contours
for red-shifted velocities starting at 6.5 km/s increasing to 12 km/s at 0.5 km/s intervals.
Blue lines are contours of the blue-shifted velocities starting with 6 km/s decreasing to 2
km/s at 0.5 km/s intervals. The boxes surround the areas used for the spectra in Figure
4.6.
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the central region. Between the two suspected jets are a collection of protostars including a
class 1 protostar that I believe is responsible for the jets. This star is identified as object 29
in Gutermuth et al. (2008), it is the brightest protostar in each band it was observed, it has
a magnitude of 3.92 in the IRAC 5.8 micron band. The brightness of this star explains the
strength of the jets associated to it. Also near this star is a main sequence B star which is
illuminating this gas in the IRAC images in figures 4.1 - 4.3 [9]. To be certain that these are
indeed jets, I take a spectrum of the region around the star (Figure 4.6). This shows that
there are two very strong jets, there are two different emission lines in the spectra separated
by 4 km/s. Also, in the blue-shifted line, there appears to be a second peak, separated by
about 1 km/s. This third peak could be the bulk cloud motion in the area corresponding
to the star.
Another interesting region is the strong red contour at 31◦ 01′ 00′′ and 3h 28m 35s on Figure
4.5. This has the signature of a jet, but is missing the jet pointed towards us. I took a
spectrum of this region to determine the cause (center of Figure 4.6). This spectrum has
three peaks instead of two (one for the star and one for the red jet). Thus, there is a jet
pointed toward us, but it is along the same line of sight as the red-shifted jet. Due to the
long wing on the red side of the emission line, the red jet dominated on a moment plot.

4.2.2

Cloud Motions

Along with bipolar jets, the molecular clouds can experience outflows and infalls. Outflows
are the gas being expanded and pushed away by the forming protostars. Infalls are gas
collapsing into already formed protostars or into a new dense core to form a new protostar.
These motions are not as fast as the bipolar jets and are thus harder to notice on spectra,
but they do form wings on the edge of spectra.
It is easiest to see these motions by taking a second moment plot of the CO data. The
second moment is the width of the spectral line or the dispersion;
σv =

R

I × (v − vmean )2 dv
R
.
Idv

(4.2)

Since the outflows are visible as extended wings on the spectral line, they add to the width
of the line. Thus, the lines will be widest where there are strong outflows. In Figure 4.7, I
show a second moment plot with the protostars overlaid.
The widest lines are in the center of the observed area, where there is the strongest
bipolar jet (Section 4.2.1). There is a collection of 4 protostars in that region, one with
very strong jets. All four of these stars are blowing off material into the cloud and probably
pushing away the surrounding gas. This would explain why the outflow is strongest here,
the stars are all working together. In the 12 CO, there is a region of gas near 3h 29m 00s
and 31◦ 18′ 00′′ that is surrounded by stars. With all of these stars pushing gas away, it is
possible that they cause the gas between them to collapse, as predicted by one theory of
star formation.
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Figure 4.6: This shows the spectra of three different regions in NGC1333. The top is the
12 CO in the region of star 13 (named from the list in Gutermuth et.al [5]). There are three
peaks, one for the accreting protostar, one for a redshifted jet and the last is a blue shifted
jet. The middle spectrum is for the area around star 29. This hints at 3 peaks, but there are
two separated by 4 km/s, both with wide wings that suggest outflows. The bottom shows
the spectrum for the entire observed area. Over this area, small deviations from outflows
are averaged, so this is a wide line, but a good example of a spectrum with no outflows or
jets. Stars 13 and 29 are labeled in Figure 4.5.
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Figure 4.7: This shows the second moment of 12 CO. The protostars are overlaid, class 0-1
are boxes and class 2-3 are circles. The brighter the area, the wider the line. Areas of
possible outflows and infalls are bright orange. There are some spots that align with areas
that contain protostars [5]. Other bright spots, such as the one at 31◦ 18′ 00′′ and 3h 29m 00s
do not have the signature of being a jet, but could be an infall instead.
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Chapter 5

Conclusion
I have created velocity maps of the star forming region NGC1333 using spectroscopy programs such as MIRIAD and CLASS. My method of scaling and combining the spectra from
different locations created a cohesive and uniform velocity map with low and uniform levels
of rms noise. These maps show that the gas in the center of the region is turbulent and
the home to many young stellar objects. These YSOs are causing the cloud to expand and
collapse in different regions. There are hot spots in the gas from massive stars radiating
nearby as well as wisps that may have been blown off by bursts of star formation.
I have identified some of the motions in the cloud to be outflows from YSOs by finding
wings on the emission lines in different spectra. The youngest of these protostars have
bipolar jets which I have found based on contour maps of the velocities and confirmed
them with spectra. Where there is a strong bipolar jet, there is a concentration of high or
low velocity contours. A spectrum of those regions confirms jets, there are two individual
emission lines, one from each jet.
NGC1333 is a very active star forming region with some large main-sequence stars and
many massive protostars. These massive stars can shock the gas and push it together due
to radiation and ejection of gas at the poles. The infalling gas can collapse and later cause
another burst in star formation. I have found one area in the cloud where this could be
occurring very near a cluster of the most massive protostars in the cloud. In the future, the
maps I created will be used to find the density of NGC1333. Once the density is known,
the total mass of the cloud can be estimated. Knowing these two quantities at each point
in the cloud will help develop our knowledge of how molecular clouds evolve and form stars.
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