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ABSTRACT
Neutral Hydrogen in the Local Group and around the Milky Way

Spencer A. Wolfe

Galaxies in our universe must acquire fresh gas to continue forming new stars. A
likely source of this material may be the gas that resides between galaxies. We do not,
however, have a clear understanding of the specifics, such as its distribution. The first
claimed detection of this “cosmic web” of material directly in emission was published
a decade ago using the Westerbork Synthesis Radio Telescope in the Netherlands
while surveying neutral hydrogen in the Local Group of galaxies. Later evidence, in
the form of stellar surveys and test particle simulations, showed that a tidal origin of
the gas was another possibility.

More recent survey work of the Local Group, specifically between the galaxies
M31 and M33, motivated us to map a section of the Westerbork emission using the
Robert C . Byrd Green Bank Telescope (GBT). Our survey covers a 12 square degree
area between M31 and M33, in which we reach 21 cm column density sensitivities
of ~ 10'"2 ecm=2 after 400 hours of observations. These observations provide more
than a factor of five better spatial resolution, and better than a factor of three in
velocity resolution. Not only do we confirm the emission seen in the Westerbork data,
we find that the hydrogen gas is composed of clouds a few kiloparsecs across, with
properties suggesting they are a unique population to the Local Group. We conclude
that the clouds are likely transient condensations from an intergalactic filament of
gas, although a tidal feature cannot currently be ruled out. We also conducted GBT
pointings to the northwest of M31 to search for the extended emission seen in the
Westerbork data as well. What detections we find appear to be more related to
the high velocity cloud population of M31. We are continuing to map other regions
around M31 to search for more diffuse emission.

We also present southern sky maps of the high velocity and intermediate velocity
clouds around our own Milky Way, using 21 cm survey data from the Parkes telescope
in Australia. The existence of these objects have been known for over 50 years, yet
there is no general consensus as to their origins. The maps we have produced are the
most detailed to date, with high spatial and velocity resolution and good sensitivity.
By using a model of Milky Way rotation, we more effectively filter out foreground
emission from our own Galaxy to produce these maps. We also discuss the basic
global properties of this gas and the features that are seen. Apart from the Magellanic
system and Galactic warp, most of the emission is in the form of small clouds. Some
of the emission seen in these data may be representative of the eventual fate of the
M31-M33 clouds. Work with this survey is ongoing.
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Chapter 1
Introduction

1.1 The Basics of Hi Radio Astronomy

Radio astronomers can detect neutral hydrogen, or H1, via the spin-flip tran-
sition. This was first predicted by van de Hulst in 1944 and was later confirmed by
Ewen & Purcell (1951). The proton and electron in the hydrogen atom are both
spin % particles. Thus the z-components of their spins can be either oriented parallel
or antiparallel. The parallel state is at a slightly higher energy than the antiparal-
lel. Thus, when the electron’s spin flips from parallel to antiparallel, a photon of
wavelength 21.1 cm and frequency of 1420.4 MHz is emitted. See Appendix A for
a detailed discussion. The amount of energy needed to excite the electron to the
antiparallel state is quite small and the transition probability of the transition is also
quite small, with a predicted decay time of Aj; a 107 yr. Even so, the amount of
Hr1 present in the Galaxy and other sources is large enough that 21 cm emission can
easily be seen by radio telescopes.

Because we know the transition frequency of the 21 c¢m line quite well, we can use
the Doppler effect to easily determine a line-of-sight velocity to the H1emission. This
allows us to determine the kinematics of hydrogen gas not only in our own Galaxy, but
many external galaxies and extragalactic sources as well. Velocity gradients across a

source, such as a cloud or galaxy, may be due to rotation or stretching of the gas.



If the radio source is extended (larger than the telescope beam), then the bright-
ness temperature Ty is typically used as a measure of the intensity. The brightness
temperature is the temperature the object would have if it were a blackbody produc-
ing the intensity of the radiation we observe in the Rayleigh-Jeans limit. Brightness
temperature only represents the temperature T if the gas is optically thick. It is
typical in H1 astronomy that we assume the gas is instead optically thin, in which
case Tg ~ 7, T, where 7, is the optical depth. See Appendix B for a more detailed
discussion of brightness temperature and optical depth.

If one assumes that the Hiis optically thin, then it can be shown (see Wil-
son et al., 2009, Appendix B) that the column density of the emission is directly

proportional to the integrated brightness temperature.

<T}i<(v)) (kn?\;—1> cm2. (1.1)

If one uses a telescope to map a given area, then the spectral line data can be

Ny = 1.822 x 1018/

line

gridded into a data cube, with the first two axes being spatial and third being either
velocity or frequency. One can then make maps of the the total intensity (moment
0), velocity as a function of position (moment 1 or velocity field) and such. Intensity
maps can help one search for extended structures and velocity fields can help one

investigate the kinematics.



1.2 Gas Accretion onto Galaxies

The current understanding of galaxy evolution is that galaxies assemble most of
their mass, via dark matter, through a hierarchical process of mergers and accretion
events (e.g Press & Schechter, 1974) over cosmic times. These dark matter halos
should then accrete gas from the surrounding intergalactic medium (IGM), which
then cools and becomes stars (e.g. White & Frenk, 1991), supplying fuel for star
formation for a few billion years.

The star formation rate of the universe peaked at a redshift of about 1.5 and
has decreased since (Madau et al., 1998). The cosmological redshift is the increase
in wavelength of emission from distant astronomical objects due to the cosmological
expansion of the universe and is related to how long ago the observed light was emitted
from the source. A redshift of 1.5 corresponds to about 9 Gyr ago. The H1 content
of galaxies, however, has remained constant for the past 11 billion years (Prochaska
et al., 2005), even though the intensified amount of star formation in the past should
have consumed most of their accumulated Hi1. One explanation is that the galaxies
must be continuing to accrete fresh gas from the IGM, which is believed to contain
most of the universe’s baryons (Fukugita & Peebles, 2004).

Accreted gas was first predicted to be heated to the virial temperature of the
halo before cooling and falling onto the disk (e.g. White & Frenk, 1991). More
recently however, it is thought that in halos at high redshift and low mass halos at
low redshift in low density environments, the gas is not heated but instead remains

cooler (T < 10°K) as it is accreted (Keres et al., 2005, 2009). This cold-mode accretion



should then roughly follow the dark matter filaments associated with the large scale
structure of the universe (Dekel & Birnboim, 2006).

Simulations by Popping et al. (2009) suggest that low column density H1should
trace this ongoing accretion. While cold accretion has been tentatively identified in
Lyman-limit absorption systems (Shull et al., 2009; Stocke et al., 2010; Ribaudo et al.,
2011), detection of this cosmic web in emission is typically not attempted as it requires

significant effort to observe with radio telescopes.

1.3 Diffuse H1 Discovered in the Local Group of Galaxies

Braun & Thilker (2004) reported one of the first possible detections of the cosmic
web directly in emission. Using the Westerbork Synthesis Radio Telescope (WSRT),
they treated each dish in the array as a separate total power receiver. This allowed
them to have several beams mapping the sky simultaneously. Using this method,
they conducted a very sensitive 21 c¢m survey of the Local Group of galaxies.

The Local Group’s largest members include our own Milky Way and M31. M31
is a large spiral galaxy like the Milky Way (Beaton et al., 2007). It is similar in total
mass to our Galaxy, 10'2 M, (Evans & Wilkinson, 2000), at a distance of at least 770
kpc (Brunthaler et al., 2005). About 200 kpc to the southeast is the smaller spiral
galaxy M33 (Brunthaler et al., 2005). There are also a large number of smaller dwarf
galaxies. IC10 specifically is a small starbursting galaxy directly to the north of M31.

Braun & Thilker (2004) discovered several H1features associated with the fore-

ground emission from the Milky Way and also suggested that a significant portion



of the foreground contamination was due to material from the Magellanic Stream,
which we now know to be a correct assumption (Nidever et al., 2010). After filtering
out the foreground, they discovered a very diffuse stream of H1lying directly between
the galaxies M31 and M33, as well as diffuse, extended emission to the northwest of
M31. The detected column densities in H1 for the stream did not rise much above
Nur ~ 10'7% cm~2. They interpreted this emission to be the neutral component of a
condensing intergalactic filament.

A few years after the Westerbork results, Bekki (2008) used test particle sim-
ulations to show that a similar stream of material could have been produced if M31
and M33 had some form of tidal interaction roughly 4-8 Gyr ago, where gravitational
forces between M31 and M33 could have pulled gas off of one or both galaxies. Not
long after this work, the PAndAS survey of red giant branch stars in the Local Group
found evidence of tidal features around M33 (McConnachie et al., 2009) along with
the many known stellar streams that extend out from M31 (e.g. Ibata et al., 2007).

To try and uncover further details of the H1emission, Lockman et al. (2012)
used the Green Bank Telescope (GBT) to conduct a deep mapping of the region
between M31 and M33. The GBT beam provides more than a factor a five better
spatial resolution than the Westerbork results, but Lockman et al. (2012) were unable
to reach the same sensitivities as the Westerbork data. Nevertheless, they did detect
emission over a rather scattered area of their maps, indicating that the gas was more
sparsely distributed than previously thought. Further deep GBT observations were

needed to map and reveal the details of this diffuse gas.



1.4 High Velocity and Intermediate Velocity Clouds

For over 50 years, Hi1clouds at velocities that exceed those normally allowed by
Galactic rotation have been known (van Woerden et al., 1957; Muller et al., 1963).
These anomalous velocity clouds have several proposed origins. The Hr1 could be
condensations from the Galactic halo (Spitzer, 1956). They could be primordial gas
clouds (Oort, 1966) or tidal debris from surrounding dwarf galaxies (Bland-Hawthorn
et al., 1998; Bregman, 2004). The gas could also be material blown out of the Galactic
disk that is now falling back toward the plane of the Milky Way (e.g. Bregman, 1980;
Shapiro & Field, 1976). Gas from the halo or outside the galaxy would likely be
at higher velocities compared to the disk, while gas from the plane is likely to be
found at lower velocities. The origin of the Hr1is likely to be a combination of these
possibilities.

Clouds at lower velocities compared to the Milky Way rotation, now known as
the intermediate velocity clouds (IVCs), typically have metallicities higher than that
seen in the Local Group or intergalactic medium (IGM). The higher metal content
suggests that IVCs likely have a Galactic origin. High velocity clouds, or HVCs, have
velocities that deviate from the Milky Way by ~ 90 km s™! or more. HVCs usually
have lower metallicity than the IVCs, suggesting an origin outside the Galactic disk.

No large HVC complexes exist in the southern sky, aside from the Magellanic
system. Furthermore, no comprehensive map of IVC emission in the southern sky has
been published. To help further our understanding of the HVC and IVC phenomena,

a better understanding of their distribution across the southern sky is necessary.



Previous all sky Hisurveys have provided high spatial resolution (Barnes et al., 2001;
Putman et al., 2002) or high velocity resolution observations (Kalberla et al., 2005),
but not both. The Galactic All Sky Survey (McClure-Griffiths et al., 2009, GASS)
provides both high spatial and velocity resolution of H1in the southern sky and can

help us examine the gas detail.

1.5 The Baryonic Tully-Fisher Relation

The Tully-Fisher relation (Tully & Fisher, 1977) is an empirical relationship
between the stellar luminosity L of a disk galaxy and its rotational velocity vi,.
Specifically, L ~ vi...

The virial theorem (Clausius, 1870) allows us to relate the rotational speed of
a star to the dynamical mass Mgy, (r) of the galaxy interior to its orbit of radius r

2 Mdyn(r)

Y
rot .
r

(1.2)

If one assumes that the mass and luminosity are related by some constant mass-to-

Mdyn

-, then we have that

light ratio T =

, TL L

t .
ro T T

The luminosity of a galaxy is related to its surface brightness I

L=4m?1~1"1, (1.4)



so that we have, assuming the surface brightness is constant
L 12
2 1
Vrot ™ (L) (15)

v, ~ L. (1.6)

Why the luminous matter, the source of L, is related to the dynamical mass, which
traces both luminous and dark matter, is uncertain.

The rotational speed of the galaxy can be measured by determining its rotation
curve from the velocity field, if one is available. If the galaxy is unresolved by the
telescope beam, then the width of the galaxy’s spectral profile can be measured to
give an estimate of the rotation.

McGaugh et al. (2000) show that by including all baryonic matter, not just lumi-
nous matter, a similar Tully-Fisher like relationship exists between the baryonic mass
and rotation speed. Specifically, the baryonic Tully-Fisher states that Mparyonic ~ Vig-
This is a very tight correlation, with only a small spread in the distribution of galax-

ies along the relation. This lead McGaugh et al. (2000) to suggest that Mparyonic 1S &

more fundamental quantity to use as opposed to luminosity.

1.6 Thesis Outline

In Chapter 2, we discuss our GBT observations of the faint H1emission between
the galaxies M31 and M33 down to column density limits of Ny ~ 10172 cm=2. We

also discuss our reduction techniques and issues involving the GBT Spectrometer.



In Chapter 3, we discuss the results from 250 hours of our 400 hour survey to
map a 12 square degree region between M31 and M33 to attempt to uncover the
origins of the diffuse Hr1.

In Chapter 4, we present and discuss further results using the full 400 hours
of data. We briefly mention ongoing work to map other regions around M31. We
also present and discuss results from deep pointings conducted with the GBT to the
northwest of M31 to search for the diffuse gas that is seen in the Braun & Thilker
(2004) map.

In Chapter 5, we present the most detailed maps of both HVC and IVC gas for
the southern sky to date. We examine the basic global properties of this material and
the features that are seen.

We finish in Chapter 6 with conclusions and plans for future work on these
topics. Appendices A, B and C go into further detail of the fundamental concepts

behind H1emission and spectral line astronomy.



Chapter 2

Mapping Diffuse Neutral Hydrogen with the GBT!

Observations of the gas that resides between galaxies is essential to understand-
ing how large spirals like our Milky Way acquire material for the formation of new
stars. The Robert C. Byrd Green Bank Radio Telescope (GBT) has the capability
to map the neutral component of this gas directly in emission. This work details the
process we have developed to observe extremely faint 21 c¢m radiation, in which we
reach spectral noise limits of 3o, ~ 2.6 mK with Av &~ 5 km s™!, where o, and
Av are the root-mean-square spectral noise and spectral line width respectively. We
provide an explicit discussion of our observing techniques and reduction process, such
as the stability of calibration temperatures Tcar, over several months, as well as a

blanking issue inherent to the GBT Spectrometer.

2.1 Mapping Hiin the Cosmic Web

2.1.1 Background

To further our understanding of how galaxies acquire fresh gas, we must investi-
gate the diffuse material that resides in filamentary structures between galaxies. The
main issue with observing such gas is that it is expected to be mostly ionized (Mal-

oney, 1993), with perhaps 1% of the gas in the neutral state (Dove & Shull, 1994),

IThis work will soon be submitted as a GBT memo.

10



appearing at H1column densities of Ny ~ 10*7 ecm~2. Thus, it takes significant sensi-
tivity for a radio telescope to observe such emission. One must generally resort to UV
absorption line measurements instead, but these require a bright background source
for such observations to be possible.

In 2004, extremely faint H 1emission in the Local Group between our neighboring
spiral galaxies M31 (Andromeda) and M33 (Triangulum) was detected (Braun &
Thilker, 2004). In that work, a column density sensitivity of Ngy ~ 1017 cm™2 was
reached by using every dish in the Westerbork Synthesis Radio Telescope (WSRT)
as a single receiver. After thousands of hours and extensive smoothing of the data
to 49’ resolution and 18 km s=! velocity resolution, a very faint, extended H1 feature
between M31 and M33 was discovered (Figure 2.1). Follow-up observations (Lockman

et al., 2012) of the region with the GBT have confirmed the existence of some of this

gas, but those observations didn’t reach the same sensitivity as the WSRT data.

2.1.2 GBT Mapping Sensitivity

Reaching 21 cm sensitivities of ~ 10" cm~2 with no spatial smoothing using

the GBT is feasible. The radiometer equation tells us

B K1 - Tyys
B \/KQ 'Np01 : Ay'teﬁ’

0Ty (2.1)

where oy, is the predicted root-mean-square (RMS) of the brightness temperature, or
antenna temperature of a typical spectrum over one GBT beam. Ty is the system

temperature, around 18-20 K. N, is the number of polarizations, usually 2. Av

11
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Figure 2.1: An approximate figure representing an area of the Local Group that was observed by the WSRT (Braun
& Thilker, 2004). The green areas roughly represent the primary HI emission from the galaxies M31 and M33,
while the blue is the extended emission seen about both galaxies. The dashed boxes are areas we have mapped with
the GBT (GBT11B-051, GBT13A-312). The small purple outline is the area we mapped as an exploratory project
(GBT10C-066).

is the bandwidth per unit spectral frequency channel in Hz and t.g is the effective
integration time of the observation in seconds. K1 and K2 are correction factors
specific to the GBT Spectrometer; specifically, K1 = 1.032 and K2 = 1.21. So, the

radiometer equation becomes, using Tgys = 18 K and Av = 1.52 kHz

306 mK

O = (22)

tei:f

Hi1 column density is determined from the brightness temperature integrated
over the spectral line in frequency (or velocity). Assuming that the Hr1is optically

thin (see Appendix B)
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Ny = 1.822 x 1018/

L) () e e

If the spectral noise is gaussian in nature, we can write the error in column

density as

ONyy = 1.822 x 10" - o, - VW - Av cm ™2, (2.4)

where W is the linewidth of the Hispectrum and Av is the width of a spectral channel.
Both are in units of km s=!. A 1.52 kHz channel width converts to 0.32 km s~

! a 30 Hr1 column density detection

Assuming a typical H1 linewidth of 25 km s~
limit of 10'" em™ would require, inverting Eq. 2.4, or, = 6.5 mK. Inserting this
result into Eq. 2.2 and solving gives an effective integration time of 37.2 min per
GBT beam.

Given that the main GBT beam is about 9.1" across, there are roughly 44 beams
(43.5) per square degree. Thus, to map 21 c¢cm radiation down to 10*” cm™2 requires
an effective time of about 27 hours per square degree. While this may seem like a
significant amount of time, with careful planning of the observations, one can still
map rather sizeable regions.

Furthermore, the unblocked aperture design (Figure 2.2) significantly reduces
the amount of contamination by stray radiation, with the side-lobes of the beam being
roughly 30dB below that of the main beam. This, plus the stability of the receivers

and low system temperature also ensure that the telescope can consistently map faint

H 1 emission.
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Figure 2.2: The GBT. Image taken by the author.

2.2 Observing Method

2.2.1 Concept

A major issue with observing extremely faint emission is ensuring that there
is little to no baseline structure in the spectral data. Frequency switching can pro-
duce baseline artifacts that could be potentially confused with real emission features.
Position switching can eliminate many of these structures by providing more stable
baselines, but the telescope must generally slew to a different part of the sky to obtain
off-source spectra for reference. See Appendix C. For a project requiring hundreds of
hours of observations, the accumulated time slewing the telescope can greatly increase

the amount of observing time needed.
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On Source

Off Source

Figure 2.3: An illustration of the observing method. We scan in right ascension, recording data at 1.6’ intervals. We
then jump in declination to the next row by 3.6’. Our map is extended to the east to include areas believed to be free
of emission.

For our projects (GBT10C-066, GBT11B-051, GBT13A-312), we decided to
choose a region of our proposed mapping area to use as our reference positions.
Specifically, we used the WSRT map and determined that the eastern edge of our
observing areas would be suitable to use for reference positions (Figure 2.1). This
gave us the advantages of having a reference for each scan, allowing us to choose the
total number of integrations that can be used as a reference and allowed us to devote
the majority of our observing time to actually mapping the region without needing
to slew the telescope off source. See Figure 2.3 for a simple illustration. One must
take careful note, however, that the area of our scans chosen for the references must

contain no emission (at least down to the desired column density sensitivity).

2.2.2  Front End and Back End Configuration

The data were collected in total power mode, which simply collects photons as

the telescope is scanned, since the actual reference selection and subtraction would
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be done during the reduction. We used the L-band receiver (1.10 - 1.75 GHz) and
GBT Spectrometer with a 12.5 MHz bandwidth using 8192 channels centered near
the 1420 MHz line, giving Av = 1.52 kHz. We also tried using a 50 MHz bandwidth
and four different frequency windows (IFs), with the other three centered on the OH
lines (1612, 1665, 1667, 1720 MHz). We found, however, that strong radio frequency
interference (RFI) in the 1612 MHz window caused large swings in the power levels
of the other IFs. Thus, we focused solely on the 1420 MHz window and shrunk the

bandwidth to 12.5 MHz.

2.2.3 Observing the Calibrator 3C48

To ensure the spectra were properly calibrated, that is, converted from raw
counts to antenna temperature, we first observed a nearby flux calibrator 3C48 before
the H1 mapping. We conducted pointing scans on 3C48, which tests the main beam
response of the telescope. An example of the pointing is shown in Figure 2.4. Then
we conducted an “OffOn” position switching with each position lasting 60 seconds.

An example of the raw spectra is shown in Figure 2.5.

2.2.4 Mapping the H1

Our maps are 6° x 2° in size. We chose to perform a raster scan in right
ascension, sampling for three seconds every 1.6. We then jumped in declination to
the next scan row by 3.6’. This ensures that our area is Nyquist sampled so that no

spatial information in our maps is lost. There are 34 rows in all, with each row taking
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Figure 2.4: An example of a GBT pointing on 3C48, as seen in ASTRID, to examine the main beam response of
the telescope. Here, the beamwidth is correct (~ 9’) and the gaussian height corresponds to the known brightness of
3C48 (in K).
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Figure 2.5: Reference spectra from 3C48 as seen in ASTRID. The red spectrum is for the X polarization and green
is for the Y polarization.
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Figure 2.6: The spectra in both polarizations, here X and Y, from one three second integration of the HI mapping
scans.

11.25 minutes to complete. We observed the same area repeatedly until we reached
the desired sensitivity, which took 400 hours of time. An example spectrum from one

three-second integration is shown in Figure 2.6.

2.3 Data Reduction

2.3.1 Concept

To remove the bandpass structure in spectral data, one must subtract the refer-
ence source spectra from the on source spectra, which we will call the signal, so that

only the spectra of the desired source remains. In terms of temperature

Psig_ < Pref >

Tsrc - TCAL . (25)

< Pcavon — Pcavoft >ret
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See Appendix C for a more detailed discussion.

TcaL can be determined from observations of a flux calibrator as described in the
following section. P, and P, are the input power levels, in counts, and Pcaron and
Pcarog are the power levels when the front end noise diode is on and off respectively.
Since we use the eastern most integrations of our map as the reference, we average

them for Equation 2.5. The reduction of the raw data was done in GBTIDL?.

2.3.2 Tecar, from 3C48

To determine the Tgay, values for a given observation, we used the “OffOn”
observations of the flux calibrator 3C48. We first loaded the data from a particular
observing session into a working directory by using the sdfits command.

We then took the 3C48 OffOn scans and calculated the Tcap, values using

3. The inputs of relevance here are for the

scal.pro, contributed by Ron Maddalena
opacity and aperture efficiency, namely tau=[0.01] and ap_eff=[0.657543]. See Ap-
pendix C for more information.

The Tcar, values obtained from our observations were remarkably stable, even
over a period of several months, with values of 1.56 +0.05(1¢) for both polarizations.
A histogram of the Tcap, values over 103 observing sessions spanning 11 months is
shown in Figure 2.7.

The Tgar, values for each polarization were then applied to the reduced spectra

(Equation 2.5) for that particular observing session. The stability of T¢ay, over such

Zhttp://gbtidl.nrao.edu/
3http://www.gb.nrao.edu/~rmaddale/
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Figure 2.7: A histogram of calculated Tcar, values, 206 in all, for both polarizations, over a period of 11 months.

an extended period is quite significant. For instance, if the observation of a flux
calibrator is not possible for a particular observing session, one can use the inferred

value of Tgar, from recent observations with a likely error of only a few percent.

2.3.3 Hi1Mapping Reduction

Each telescope scan in right ascension is defined by a sequence number, in our
case, ranging from 1 (the first row) to the 34 (the last row). For our observations, odd
sequences scanned from west to east and even numbers east to west. Thus, to select
the eastern most integrations per scan, we first called a scan with gettp to extract
the sequence number and used a modulo 2 argument to determine whether to use the

first few or last few integrations to average for the reference.

20



Once we determined which integrations to use for the reference, we then ex-
tracted the CALon and CALoff phases separately to take the difference. We did
this with the get command. We took the difference between the on and off phase
and averaged over all 10 reference integrations to get < Pcaron — PcarLof >ref- We
then collected the reference integrations with select and averaged to get < P >.
Then we used gettp to collect each signal integration (Pgg) to compute the ratio in
Equation 2.5 and then multiplied by Tcar,.

We also corrected for atmospheric effects. We did this by multiplying a factor
that is dependent upon the telescope’s elevation at the time the spectra were taken.

One can retrieve the telescope elevation, in degrees, with the lg structure, scaling the

reduced spectra by e @ where T is the opacity of the atmosphere at zenith and el
is the elevation of the integration.

We then fit a second order baseline to the spectra to ensure any remaining large
scale baseline structure was removed. The region chosen for fitting did not include
frequency ranges believed to contain any H1emission.

After the baseline was subtracted, we then computed the RMS of the spectra
over an emission free region. If the RMS was less than three times the expected value
from the radiometer equation, we continued, otherwise we discarded the spectrum.
This ensured that most spectra with baseline structure, mainly due to RFT and instru-
mental effects, were removed. Only a small fraction of the reduced spectra (~ 4%)
had significant enough baseline structure to be discarded. The remaining spectra
were then truncated to the desired frequency range using dcextract. Finally, the data

were smoothed from 0.3 km s™! to 5 km s™!. We did this using a 16 channel boxcar
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Figure 2.8: A reduced HI spectrum. The emission of interest lies at or near -260 km s~ !, but one integration is not
enough for any spectrum to be visible. The large swings near 0 km s~! are due to incomplete subtraction of the
Milky Way HI.

smoothing and removed the redundant channels. We then saved the spectrum. This
process was carried out for each polarization. An example of the reduced spectra is
shown in Figure 2.8.

We measured the RMS noise of the reduced spectra, from -800 to -260 km s~! and
also computed the expected RMS noise, using the radiometer equation. The effective
integration time, using 10 integrations for the reference, and 2.9s for the signal time,
we have

tsig * Lre 10 10

teecive:—:_'tsi:—'2.9 =26 s. 2.6
frect tsig; + tref 11 & 11 > S ( )

Smoothing the original resolution, 1.52 kHz by a factor of 16 gives

12,5 MHz

Av = 100 16 = 24.4 kHz, (2.7)
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Figure 2.9: A histogram of the RMS noise of the reduced H1I spectra over all observing sessions. The vertical line
represents the expected RMS noise value of 74mK from Eq. 2.9.

which is equivalent to 5.2 km s~ . We also measured the values of Tyys over several

scans using

< Prot >

Tsys = Tear - ~ 20 K. (28)

< Pcavon — PcArLoff >ret

Using this for Ty, along with K1 = 1.032 and K2 = 1.21 gives

1.032-20 K

oT =
V121 (125300 16) (2,95 - 19)

= 74 mK. (2.9)

From the RMS noise measurements, we found that or = (75 £ 10) mK, which is
in very good agreement with the predicted value (Figure 2.9). The 10 mK spread is
primarily due to observations at low elevation, which increase the system temperature

and thus the noise.
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2.4 Blanking Issues with the Spectrometer

Upon inspection of our exploratory data (GBT10C-066), we discovered that the
system temperatures were increasing as we scanned across our map. This was always
an increase, regardless of the scan direction, indicating that this was not an effect
due to the sky. The drifts were severe enough, around 2 K, to make the initial data
unusable.

This effect was primarily due to Spectrometer blanking. There are two types
of blanking. When the noise diode switches phases, from CALoff to CALon and
vice versa, the data are blanked during the transition. This is “internal blanking”.
“External blanking”, or Doppler blanking, occurs when the reference frequency is
shifted to account for Doppler shifts due to tracking across the sky and occurs at
indefinite times. In our case, the external blanking was occurring during every CALoff
phase and was slowly drifting into the CALon phase across each scan. As a result, the
exposure times, the total integration duration minus blanking, were changing across
the scan and thus causing the system temperatures to appear to drift. See Figure 2.10
for an example of this.

If we define tquation as the total time of an integration, and tiyternal and texternal
as the amount of time the data were blanked by internal and external blanking re-
spectively, then the Spectrometer should, in principle, correct blanking by scaling the

power levels by
1

tduration - (tinternal U texternal)

Pscaled =P (210)
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Figure 2.10: The effect of Doppler blanking on the exposure times of both the CALon and CALoff phases. The rapid
oscillations are because the blanking happens every other CALoff phase and then drifts to the CALon phase across
the scan.

The data however, are actually scaled by

1

tduration - max(tinternal OR texternal)

Pscaled =P (211)

depending upon whether ti ternal O texternal 1S larger.

This caused the apparent drift in system temperature. It should be noted
that this drift is not an issue with frequency switched data, given that blanking
occurs automatically before each integration, preventing the drift. Tracking a source
for position switching also reduces the effect since one is not scanning on the sky.
Furthermore, the closer one observes on the sky to the vernal equinox point, the
more corrections that are required, enhancing the effect. We have confirmed that the

effect is present in other data sets, as shown in Figure 2.11.
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Figure 2.11: Exposure times taken from a tracking scan of GBT10A-043. The effect of drift is present, although not
as severe. Data provided by Jay Lockman.

To prevent this issue from occurring, we added to our observing scripts the
following, after configuration and before the telescope slew
SetValues(“LO1” { “tolerance”:1000000} )
SetValues(“LO1” { “state”: “prepare” }),
This increases the amount of allowed, yet still small, drift in frequency before Doppler

tracking occurs and corrected the problem of system temperature drift in our scans.

2.5 Gridding the Spectral Line Data

To make maps of the emission, one must grid the spectral line data into a
data cube. We used the Astronomical Image Processing System, or AIPS?*. First,
the data were converted from their IDL format to an sdfits format that AIPS could

utilize. This was accomplished by using idlToSdfits, written by Glen Langston. It is

thttp://www.aips.nrao.edu/index.shtml
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important to note that data blocks with repeating scan numbers cannot be used in
idlToSdfits, or else the data with repeated scan numbers will not be converted. The
repeating scans must be loaded separately.

After the data were converted into sdfits, each block of data was then loaded
into AIPS using the task UVLOD. Each reduced data block had to be concatenated
together for the gridding. The task DBCON accomplished this.

Once the data were concatenated together, we used the task SDGRD for the
gridding. Here, one can use inputs that are typical for H1 mapping with the GBT
(Mangum et al., 2007), such as:

CELLSIZE 210

BCHAN 0

ECHAN 0

XTYPE -16

YTYPE -16

XPARM 550 275 462 2

YPARM 550 275 462 2

which convolves the data with an exponentially truncated, circular Bessel function.
Other types of functions can be used via the XTYPE, YT'YPE inputs and the corre-
sponding XPARM, YPARM parameters, depending upon the users preference. One
can review the AIPS SDGRD help page® for further information.

Once the data are gridded into a cube, the standard analyses can be performed,

such as creating moment maps with the TRANS and MOMNT tasks. It is also advis-

°http://www.aips.nrao.edu/cgi-bin/ZXHLP2.PL?SDGRD
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able that one subtract out any remaining baseline structure using the task XBASL.

An example moment-zero map of our current survey data (GBT11B-051, GBT13A-
312) is shown in Figure 2.12.
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Figure 2.12: A moment zero map of our HI survey data. Region 1 is for 400 hours of observations (GBT11B-051),
while regions 2 and 3 are for ~ 70 hours and ~ 30 hours respectively (GBT13A-312). In region 1, we reach a 3o

sensitivity of Ny ~ 10172 cm~2. We reach sensitivities of ~ 10176 cm=2 and ~ 10'7-8 cm~2 in regions 2 and 3
respectively. The red lines are currently detected 21 cm sources.
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Chapter 3
Discrete Clouds of Neutral Gas between the Galaxies M31 and M33!

3.1 Introduction

Spiral galaxies must acquire gas to maintain their observed level of star forma-
tion beyond the next few billion years (Leroy et al., 2008). A source of this material
may be the gas that resides between galaxies, but our understanding of the state
and distribution of this gas is incomplete (Shull et al., 2012). Radio observations
(Braun & Thilker, 2004) of the Local Group of galaxies have revealed hydrogen gas
extending from the disk of the galaxy M31 at least halfway to M33. This feature has
been interpreted to be the neutral component of a condensing intergalactic filament
(Davé et al., 2001) which would be able to fuel star formation in M31 and M33, but
simulations suggest that such a feature could also result from an interaction between
both galaxies within the past few billion years (Bekki, 2008). Here we report radio
observations showing that about 50 percent of this gas is composed of clouds, while
the rest is distributed in an extended, diffuse component. The clouds have velocities
comparable to those of M31 and M33, and have properties suggesting they are un-
related to other Local Group objects. We conclude that the clouds are likely to be
transient condensations of gas embedded in an intergalactic filament and are therefore

a potential source of fuel for future star formation in M31 and M33.

!This chapter has been reproduced from Wolfe et al. (2013).
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A recent study (Lockman et al., 2012) of the region between M31 and M33
using the Robert C. Byrd Green Bank Telescope (GBT) at 9" angular resolution
has confirmed the presence of neutral hydrogen at levels of a few times 107 cm 2.
The study also showed that this neutral gas has a velocity similar to the systemic
velocities of M31 and M33, and is thus not the product of confusion with foreground
emission from the Milky Way. The sensitivities of the observations were, however,
insufficient to provide a detailed understanding of the structure and extent of this gas.
Observations were needed with high angular resolution, high velocity resolution and
high sensitivity to distinguish clouds from diffuse gas, and an intergalactic filament
from tidal debris. Determining the origin of the gas is important, for if it is from an

intergalactic filament, it would represent a new source of material to fuel future star

formation in M31 and M33.

3.2 Preliminary Results

We have mapped a portion of the hydrogen gas feature between M31 and M33
with improved sensitivity and higher angular and velocity resolution using the GBT.
Here we present channel maps of our GBT data (Figure 3.1). The 9 spectral line
data were gridded into a data-cube with the two spatial axes being right ascension
and declination, while the third axis is the Local Standard of Rest (LSR) velocity in
kilometers-per-second (seen in the upper left of each panel). The rms noise in the map
(1o) is ~ 4 mK for a 5 km s channel. The dashed contour and first solid contour

are for +20 respectively. The other solid contours are for 40, 60, 8¢ and 10c. There
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is some low level striping evident in the cube. This is primarily due to certain areas of
the map having a lower number of scans than others. This effect is only significant at
the 20 level. A cloud is visible from -197 to -223 km s~!. Two clouds become visible
from -212 to -254 km s~!. Striping in the noise at -207 km s~! makes it difficult to
determine if there is emission there as well. One of these clouds is obviously extended

L and

in the northeast-southwest direction. A cloud is visible from -254 to -310 km s~
shows a possible extension to the southeast. A cloud is seen from -269 to -295 km s~*.
Another is visible from -285 km s™! to -310 km s~!. A faint cloud can be seen most
clearly at -310 and -316 km s—!, but only slightly above 20. This feature is unlikely
due to striping since the emission persists over 5 channels, but the striping features
only persist (locally) over one or two channels.

We detect seven clouds (Figure 3.2); Table 3.1 lists their properties. The posi-
tions and velocities of the brightest clouds are consistent with previous GBT results
(Lockman et al., 2012). The primary difference between the results from the Wester-
bork Synthesis Radio Telescope (WSRT) survey (Braun & Thilker, 2004), which used
that array as a collection of single dishes, and our high resolution data is that here
the H1emission is resolved into features approximately the size of a GBT beamwidth
or smaller, and at much higher column densities. The GBT data convolved to 49’
angular resolution reproduce the same basic morphology as the WSRT data. The to-
tal Himass detected is (1.2 £ 0.1) x 10° M, above a level of 3.0 x 107 em™2, (1.3+
0.1) x 10% Mg, above 1.0 x 10'” cm™2 and (1.9 £+ 0.1) x 10% M, above 1.0x10® cm ™2
(here M, is the solar mass). These values do not appear to be consistent with the

relationship between the mass of neutral atomic hydrogen (Myy) and its column
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Figure 3.1: Channel maps of the GBT data. The dashed contour and first solid contour are for £2¢
(£8 mK) respectively. The other solid contours are for 40, 60, 8¢ and 100.
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Figure 3.2: Column density maps, in units of cm~2, of 21 cm emission over a 12 square-degree
region between M31 and M33. a: From nearly 250 hours of integration. There are six confirmed
HT clouds, labeled in order of decreasing right ascension. M31 is to the northwest and M33 to the
southeast, as indicated by the arrows. b: Smoothed to a 15’ resolution to match the sensitivity of
the WSRT data (1 x 1017 em~2). A seventh cloud is now visible, labeled 7. The contours are for
log(Ngr) = 17.0,17.5,18.0. ¢: Smoothed to a 49’ resolution to match the angular resolution of the
WSRT data. The contours are for log(Nyr) = 16.0,16.5,17.0,17.5. d: Part of the WSRT HI survey
(Braun & Thilker, 2004) that first detected neutral gas between M31 and M33, at an angular
resolution of 49" and a velocity resolution of 18 km s~!. The contours are for log(Ny;) = 17.0, 17.5.
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Cloud| R.A. DEC |LSR Velocity| FWHM | T peak |10g(Nur) peak Mpuz Diameter
H:M:S | D:M:S km s~! km s~ mK cm ™2 Mg (£1) kpce
01:24:42|+37:23:02 -297+1 2343 | 4744 | 17.6£0.04 [(1.2£0.2)x10°| < 2.8
01:20:52|4-37:16:58 -236+1 28+2 | 6944 | 17.840.03 |(3.5+0.3)x10° 6.4
01:19:25|437:31:12 -226+2 2844 | 4144 | 17.64+0.04 (1.1i0.2)><105 <24
01:08:30|4-37:44:51 -277+£1 3443 | 9144 | 17.940.02 |(4.0£0.3)x105 4.8
( )
( )
( )

01:05:09|+36:23:28|  -209+4 2643 | 3444 | 17.54£0.05 |(4.24£1.0)x10*| < 2.4
01:03:10|{+36:01:46| -282+4 2943 | 3944 | 17.6+0.05 |(1.440.2)x10°%| < 3.2
01:17:021+36:49:34| -309£2 24+4 | 10£2 17.0£0.1 |(4.0£1.0)x10*| < 3.4

IS I =S SNSRI NOR

Table 3.1: A listing of the HT cloud properties. R.A. and DEC are respectively the right ascension
and declination of each cloud; LSR, Local Standard of Rest; FWHM, full-width at half-maximum
of the H1line; T peak, peak brightness temperature; Nyy peax = 1.82 X 1018 TB peak AV is the peak
column density, where Av ~ 5 km s~'; My is the HI mass of the cloud, in solar masses, measured
to the 30 column density contour in the maps; diameter is measured to the same contour along the
major axis of the cloud, if one is apparent. The +1 kpc error in the diameter is due to the pixel size
of our maps projected to a distance of ~ 800 kpc. The values for cloud 7 were obtained from the
15 map. Quantities were calculated assuming a distance to the clouds of 800 kpc (Lockman et al.,
2012).

density (Nyg) predicted by simulations of intergalactic H1 at low redshift (Popping
et al., 2009). The total Hi mass measured across the entire map is (2.64+ 0.2) x10°
Mg, identical to the total H1mass from the WSRT data over the same area. There
is probably additional mass present in the form of ionized gas, as at such low column
densities photoionization of the H1 from the extragalactic radiation field becomes
significant (Maloney, 1993).

About 50% of the neutral hydrogen is in clouds, whose diameters range from
< 2.4 kpc to 6.4 kpc. This is the size range of dwarf galaxies; however, although
stellar surveys (Ibata et al., 2007; McConnachie et al., 2009) have detected dwarf
galaxies around M31 as well as potential dwarf galaxy remnants, there are no reports
of stellar over-densities at the positions of these clouds (McConnachie et al., 2009),
though there is no lack of stellar streams in the general vicinity (Lewis et al., 2013).
The clouds lie much farther from M31 and M33 than each galaxy’s respective high

velocity cloud (HVC) population and also lie closer to the systemic velocities of M31
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Figure 3.3: A position-velocity plot of the HT clouds and selected Local Group objects. The local
group standard of rest (LGSR) velocities were calculated using the NASA Extragalactic Database.
Large blue squares indicate M31 and M33, both labeled. Filled red circles are the high velocity
clouds of each galaxy Thilker et al. (2004); Grossi et al. (2008); Westmeier et al. (2008); Putman
et al. (2009). Crosses show clouds detected in the GBT maps; the vertical bars mark the GBT map
boundaries, in terms of angle from M31. The HVCs lie within ~ 50 kpc of each galaxy, whereas
new clouds are found = 100 kpc from both galaxies. The clouds also have an inter-cloud velocity
dispersion of 25 km s™!, compared to the inter-cloud velocity dispersion of 70-130 km s~! for the
HVCs.

and M33 than the HVCs (Figure 3.3). The clouds are also kinematically cooler as a
population than the HVCs, with a lower inter-cloud velocity dispersion by a factor of
two to five.

We estimate the baryonic mass and circular rotation speed about the cloud
center for the clouds as well as for the HVCs and dwarf galaxies of M31 and M33, and
plot them with the baryonic Tully-Fisher relation (Tully & Fisher, 1977; McGaugh
et al., 2000) (Figure 3.4). This allows us to compare the clouds to other members

of the Local Group. The clouds are offset from the Tully-Fisher relation for rotating
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disk galaxies; they occupy a similar region in the Tully-Fisher plane as the HVCs and

dwarfs, but cluster more tightly.

3.3 Virial Mass and Survival Times

If the linewidths of the clouds are interpreted as an equilibrium velocity repre-
sentative of the gravitational potential, then the clouds would be highly dark matter
dominated. The virial mass of every cloud is two to three orders of magnitude larger
than its H1mass. The presence of an ionized component, however, would decrease
the amount of dark matter necessary to match the virial mass. The free-fall time for
these clouds, or time it would take for these clouds to freely collapse under their own
gravity, is ~ 400 Myr and the crossing time, the time it would take for a parcel of
gas to cross the length of the cloud, is ~ 100 Myr. These times are quite short to
have resulted from the interaction between M31 and M33 proposed to have occurred
a few billion years ago (Bekki, 2008; McConnachie et al., 2009) unless confined by an
external pressure. The warm-hot intergalactic medium (WHIM) (Davé et al., 2001)
at a temperature ~ 10° K and density > 10~7 cm =2 would supply the pressure if the
clouds have a temperature of ~ 10* K, consistent with the values inferred from the
cloud linewidths. The WHIM densities needed are comparable to those predicted
(Fukugita & Peebles, 2004) beyond the virialized region of galaxies. Therefore, these

clouds could be in complete pressure equilibrium with the WHIM.
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Figure 3.4: A plot of baryonic mass versus equivalent circular rotation speed. This figure com-
pares the newly detected clouds (black filled squares with 1o errorbars), the HVCs of M31 and M33
(squares, circles), Milky Way dwarf satellite galaxies (McGaugh & Wolf, 2010) (triangles) and the
Andromeda dwarfs (Tollerud et al., 2012) (diamonds) to the baryonic Tully-Fisher relation (Mc-
Gaugh, 2012) with +10 uncertainty (dashed lines). We assume that all of the mass is in the neutral
atomic gas and that Mparyonic = 1.33 X Mpr to account for helium. The masses are plotted in units
of solar masses. The presence of an ionized component will increase the baryonic mass and move the
clouds closer to the relation, but we have no way at present to estimate its magnitude. The effective
circular rotation speed is viot = FWHM/2 where FWHM is the full width at half-maximum of the
HT line. This assumption holds in the case where the gas may be in rotation or is a turbulently
supported, spherical system with an assumed harmonic radius of R/2, where R is the cloud radius,
measured to same column density contour as the diameter in Table 1. The scatter in mass-rotation
velocity is 0.5 dex for the clouds, 0.8 dex for the Andromeda dwarfs and M33’s HVCs, 1.2 dex for
M31’s HVCs, and 1.8 dex for the Milky Way dwarfs. The average errors (in dex) for the rotation
velocities < o, > and the masses < o); > are respectively 0.05 dex and 0.1 for M33’s HVCs, 0.05
and 0.06 for M31’s HVCs, 0.1 and 0.2 for the Milky Way dwarfs, 0.1 and 0.7 for the Andromeda
dwarfs and 0.06 and 0.08 for the H1 clouds.
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3.4 Cloud Origins

These clouds have several possible origins. First, they may be primordial, gas-
rich objects similar to the dwarf spheroidal or dwarf irregular galaxies in the Local
Group, but this does not explain why the gas seems to lie along a connecting structure,
even when resolved into clouds. Second, the clouds may be gas that is accreting onto
sub-halos. This might occur naturally if the gas is part of a cosmic filament. If instead
the gas is tidal in origin, it is likely to be moving at relative speeds that exceed the
escape velocities of sub-halos, making accretion unlikely. Third, the clouds may
be analogous to tidal dwarf galaxies (Gentile et al., 2007). This would account for
their spatial and kinematical distribution with respect to M31 and M33. If so, the
clouds would need to be in pressure equilibrium with the WHIM, so that they could
persist for a few billion years following the interaction between M31 and M33. It’s
also possible that there may have been a more recent interaction that produced these
clouds, such as M31 with IC10 or some other object. These clouds contain no evidence
of stars, however, and do not fall on the Tully-Fisher relation, as one system of tidal
dwarfs is known to do (Gentile et al., 2007). Last, the clouds could be transient
objects condensing from an intergalactic filament, as originally proposed (Braun &
Thilker, 2004; Maller & Bullock, 2004). This could explain their spatial distribution,
as well as the lack of stellar overdensities. A recent simulation (Ferndndez et al., 2012)
of a Milky Way sized galaxy has produced analogous material out to ~ 100 kpc with
H1masses ~ 10° M, suggesting that the clouds are most probably condensations

from an intergalactic filament.
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3.5 Conclusions

We conclude that the Hiclouds between M31 and M33 are a unique population,
lacking a clear analog in other members of the Local Group, such as the dwarf galaxies
or HVCs. Although our current results suggest that the clouds may arise in an
intergalactic filament, and thus are potential fuel to feed star formation in M31 and/or
Ma33, the question of their origin needs further consideration. The new clouds we
report here were discovered in only about half of our survey time and thus are not
at the full sensitivity that we intend to achieve. The region we have studied is only
a fraction of the area around M31 reported (Braun & Thilker, 2004) to have diffuse
H1, so the clouds measured here may be the first representatives of a much larger

population.
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Chapter 4

The Diffuse Hraround M31

Here we discuss the results of the full 400 hour GBT survey between M31 and
Ma33. We also discuss results from a set of deep, pointed observations to the northwest
of M31 to search for similar material as seen in the Braun & Thilker (2004) maps.
We use this new information to try and develop a better understanding of the origins

of the diffuse H1and how it may be related to the other Local Group objects.

4.1 Observations

First, to complete our 400 hour survey, the last 150 hours of GBT data were
reduced and added to our previous data cube. Since these data were part of the same
set of observations for the previous data cube, we refer the reader to Chapter 2 for the
discussion of the telescope and backend configuration, as well as the reduction scheme.
In short, we observed at 1.4 GHz using the GBT Spectrometer with a bandwidth of
12.5 MHz and a velocity resolution of 0.3 km s~! that was later smoothed to 5 km s~ *.

Second, we were also awarded 100 hours of GBT time (GBT13A-312) to map two
12 square degree regions to the north of our original area (Fig. 2.1). Unfortunately,
this was not enough time to map the area to the desired sensitivity. In the upper

map, we reach a sensitivity limit in H1of Ny = 7.0 x 107 cm™2 and Ny = 4.4 x

10'" cm ™2 in the lower map. These limits assume a 25 km s~! linewidth. No features
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of significance appear in these areas. Observations of the region are ongoing, so we
will postpone a discussion until better sensitivities can be reached.

Lastly, we were awarded 50 hours of GBT time to conduct deep pointings to the
northwest of M31. While some telescope time was devoted to finishing the mapping of
the region between M31 and M33, we nevertheless conducted 19 pointings as indicated
in Figure 4.1. The observations were done at 1.4 GHz and frequency switched with
a bandwidth of 12.5 MHz using a frequency throw of 4 MHz. The average total
integration time for each pointing is 76 minutes. The data reduction was carried
out with the standard GBTIDL routines. After the calibration of the data, a second
order baseline was fit over the spectrum to remove any large scale baseline structure.
The fit was done over velocities believed not to contain any emission. The data were
then boxcar smoothed from 0.3 km s~! resolution to 1.3 km s™! to further increase
sensitivity. Each pointing was 10 minutes in length and multiple pointings were

averaged to produce the final spectra.

4.2 Results

4.2.1 The 400 Hour Survey

Upon inclusion of the final 150 hours of data from our survey, the 12 square
degree region between M31 and M33 reached a spectral noise of approximately 2.5
mK over a 5 km s™! channel, which corresponds to a 3¢ column density sensitivity

in Hr1of Ny; = 1.6 x 10*” ecm™2 over a 25 km s~! linewidth. An integrated intensity
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Figure 4.1: A simple figure showing the approximate locations of our GBT pointings from GBT12A-
266. Yellow is the primary emission from M31, while the grey is the extended emission as seen in
the Braun & Thilker (2004) map. Blue squares indicate detections of faint HTI emission. Red circles
are non detections and the green circles are Milky Way emission with velocities similar to those of
the detections.

map is presented in Figure 4.2. We label the clouds here as we do in Chapter 3. A
table of the cloud properties is shown in Table 4.1.

As seen in the total integrated intensity map, more diffuse emission appears in
the clouds. The total Himass of all seven clouds is (2.3 &+ 0.05) x 10% M, which
is similar to the total H1 mass as seen in the Braun & Thilker (2004) map when
measured over the same area and roughly the same sensitivity (Figure 3.1). This
means that all the emission seen in the Braun & Thilker (2004) map is in the form
of clouds, as opposed to only 50% from our earlier results.

Clouds 1 and 7 show extended features. Cloud 4 clearly shows head-tail struc-
ture. A small extension is seen to the southwest also, but is at low significance.
Clouds 2 and 3 also show a connection at the 30 level. The concentration in the

upper right corner is a gridding artifact.
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M31 — M33 HI Clouds: 400 Hours
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Figure 4.2: Total intensity, or moment-0, map of the M31-M33 H1 clouds. The map was created by
blanking the cube below the 30 noise limit, then adding up all emission over the relevant velocity
range (-320 to -180 km s~! in the LSRK frame). The contours are for 3, 6, 12 and 240.

4.2.2 Velocities and Linewidths

We also present the intensity weighted kinematic local standard of rest (LSRK)
velocity fields, or moment-1 maps, of the clouds to search for any structures in the
kinematics of the clouds. These maps were made by blanking the data cubes to
only include emission above the 30 noise limit. The LSRK velocity accounts for the
peculiar motion of the Sun with respect to the rotation of the Galaxy. These maps
were created using the MIRIAD task moment. See Figure 4.3 for a velocity field
of the whole region. We also present the velocity fields of clouds one through five
(Figures 4.4-4.7).

The extension for cloud 1 is offset in velocity from the main core of the cloud by
65 km s~! and is more closely related, kinematically, to clouds 2 and 3. The extension
could be a separate cloud that is spatially coincident with cloud 1 or may be material
that has been stripped from cloud 1, or perhaps even from clouds 2 or 3. There is

a small gradient across this extension, but it is only a few channels wide. Clouds 2
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Cloud| R.A. DEC FWHM Nur My; |Diameter
H:M:S | D:M:S | km s~ ! [x10'8 cm=2|{x10° My | %1 kpc
01:24:42(4-37:23:02| 24+3 1.840.2 2.84£0.2 7.5
01:20:52|4-37:16:58| 28+3 3.440.1 |13.7+0.2 8.8
01:19:25(4-37:31:12| 2843 2.240.2 — 4.3
01:08:30({4-37:44:51| 3443 5.54+0.1 |11.640.1 7.7
01:05:09(4-36:23:28| 27+3 1.7£0.1 1.8+0.1 4.4
01:03:10{4-36:01:46| 29+3 2.240.2 2.6£0.2 4.0
01:17:02|4-36:49:34| 2443 1.240.1 |0.97£0.1 7.4

N O U W N

Table 4.1: The HT cloud properties for the entire 400 hour, 12 square degree survey. FWHM is
the full width at half maximum of the HTI line measured at the peak brightness temperature in the
data cube. R.A. and DEC are the right ascension and declination of the cloud respectively. Ny is
the column density of the cloud, integrated over the spectral line where the brightness temperature
of the cloud peaks. Mgy is the HI mass of the cloud, in solar masses, measured to the 30 column
density contour in the maps. Quantities were calculated assuming a distance to the clouds of 800
kpc (Lockman et al., 2012). The diameter is measured across the major axis of the cloud, if one is
apparent, down to the 30 contour. Since clouds 2 and 3 now show a connection, their H1 masses
are added under the entry for cloud 2.
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Figure 4.3: Velocity field for the HI clouds. The contours are from the intensity map (Fig. 4.2).

and 3 appear to be kinematically related, at similar velocities, and there are small
gradients across clouds 3 and 5 and in the southwest extension of cloud 2. Again,
however, these gradients are only a few velocity channels wide. Cloud 4 shows a small
gradient across its tail as well, but clouds 6 and 7 show no signs of any structure.
We also searched for line broadening across the clouds. Line broadening is

when the linewidth of the emission increases across the cloud, and occurs when the
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Cloud 1 Tail: ~ 18 km/s tail gradient
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Figure 4.4: Velocity field for cloud 1. The contour is at 0.3 K km s~!. The main body of the cloud
is offset from the extension in velocity and shows no structure.

Clouds 2 & 3: Cloud 2 Extension ~ 17 km/s gradient
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Figure 4.5: Velocity field for clouds 2 & 3. The contours are at 0.4, 0.7, 1.0, 1.3, 1.8 and 2.7
K km s~ L.

gas is heated. This could be due to some type of interaction between the cloud and
surrounding environment. If so, one would expect an increase in the line width of

the spectra as one moves away from the center of the cloud and toward the tail, or
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Cloud 4 — Moment 1: ~ 16 km/s tail gradient

38° 1 1 = H\
ZZ ;ﬁ\ \ 1 -2.7
*§45 // \ 2755
T |

-
| NN B

25

N
I N e

o1h10m o9™ 08™ o7™

J2000 Right Ascension

Figure 4.6: Velocity field for cloud 4. The contours are at 0.4, 0.7, 1.0, 1.3, 1.8 and 2.7 K km s~ !.
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Figure 4.7: Velocity field for cloud 5. The contours are at 0.4, 0.7 and 0.8 K km s !.

other extensions (e.g. Briins & Mebold, 2004; Westmeier et al., 2005). After a close
inspection of the linewidths across each cloud using the AIPS task PLCUB as well
as visual inspection of the spectra, no discernible line broadening is present in any of

these clouds. Spectra from PLCUB for each cloud are presented in Figures 4.8-4.13.
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Figure 4.8: HI spectra across cloud 1 using the AIPS task PLCUB. Each spectrum is taken every
5" in both right ascension and declination.

Lis simply to coarse

It may be the case that our velocity resolution, ~ 5 km s~
to detect line broadening. Based on this data, there is no conclusive evidence of

interaction between the clouds and surrounding medium. Spectra with higher velocity

resolution and maps with higher spatial resolution are needed.

4.2.3 The Pointings to the Northwest of M31

The result from our pointings to the northwest of M31 are shown in Table 4.2.
The spectra from the pointings are shown in Figures 4.14-4.19. Given the amount of
time awarded for these observations, we first picked locations further apart and then
began to fill in a grid of pointings. Roughly 30% of the detections are from the Milky

Way, where the Galactic spectra extend to vigrk of ~ -150 km s~! in the form of
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Figure 4.9: H1 spectra across clouds 2 and 3 using the AIPS task PLCUB. Each spectrum is taken
every 5 in both right ascension and declination.
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Figure 4.10: HI spectra across cloud 4 using the AIPS task PLCUB. Each spectrum is taken every

5" in both right ascension and declination. Each spectrum is taken every 5 in both right ascension
and declination.
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Figure 4.11: H1 spectra across cloud 5 using the AIPS task PLCUB. Each spectrum is taken every
5" in both right ascension and declination. Each spectrum is taken every 5 in both right ascension
and declination.
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Figure 4.12: H1 spectra across cloud 6 using the AIPS task PLCUB. Each spectrum is taken every
5" in both right ascension and declination.
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Figure 4.13: H1 spectra across cloud 7 using the AIPS task PLCUB. Each spectrum is taken every
5" in both right ascension and declination.
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large wings instead of isolated spectral lines. All detections except the one at vigrxk

L away from Milky Way emission.

of -238 km s! were usually no more than 40 km s~
Thus, it is likely that some fraction of the Braun & Thilker (2004) emission seen to
the northwest of M31 might very well be confused with foreground Milky Way gas.
Figure 4.1 shows our pointings. It should be noted that this emission has not been
corrected for stray radiation, where emission from the side lobes of the telescope can
create spectral features. While the contribution of the GBT’s side lobes are small,
they are extended from the main beam by several degrees (Boothroyd et al., 2011)

and thus as one moves closer to a bright source, such as M31, the need to correct for

stray emission becomes more important. The stray correction will be done in future

work.
r.a. ) Detection |Peak VISR FWHM |RMS|Nyr x 1017 em™2| Time
- - - mK |[£1.3 km s7!| km s™! | mK |integrated (£1o)|minutes
1 100:10:00|446:00:00 Yes 7.3 -190 23 £3.2 | 34 3.2 £0.7 84
2 100:10:00|+47:00:00 Yes 25 -181 25.0 £ 1.5] 3.1 12 £ 0.7 80
3 100:30:00|+45:00:00 No - — - 3.3 — 80
4 100:15:00|{+46:00:00 Yes 13 -238 12.8 £ 2.0| 3.6 3.2 0.7 80
5 100:15:00({+47:00:00 No — — — 3.2 - 84
6 100:20:00{+45:00:00 MW — — — 4.0 — 56
7 100:20:00(4-47:00:00 Yes 22 -167 19.6 £ 1.2| 3.0 8.3+ 0.6 84
8 100:20:00|+48:00:00 No - - - 3.1 - 84
9 100:25:00{+45:00:00f MW — — — 3.6 — 70
10/00:25:00|447:00:00 Yes 8.0 -193 30.0 &£ 2.7| 3.1 4.6 £ 0.6 84
11/00:30:00|445:00:00 No — - — 3.4 - 80
12/00:30:00|+47:00:00 No — — - 4.5 — 56
13/00:40:00|4+46:00:00 MW — — — 3.2 — 80
14/00:35:00|4+45:00:00f MW - — - 3.2 — 84
15{00:35:00(+47:00:00 No - - - 4.4 - 56
16/00:40:00|445:00:00 No - - — 3.6 - 80
17/00:40:00|4+46:00:00 MW — — - 4.1 — 56
18/00:40:00|447:00:00 MW - — - 3.3 — 80
19/00:45:00|447:00:00 Yes 10 -182 24.5 + 3.0/ 3.1 4.7 £ 0.6 84

Table 4.2: Results from our GBT pointings to the northwest of M31. The column density was
measured by summing the area under the spectra.
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Figure 4.14: 21 cm spectrum from pointing 1. The x axis is the LSR velocity in km s~'. The y
axis is the antenna temperature in K.
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Figure 4.15: 21 cm spectrum from pointing 2. The x axis is the LSR velocity in km s~!. The y
axis is the antenna temperature in K.

The average column densities of our detections are 10'""cm ™2, which is similar
to the column densities measured for the M31 clouds. These column densities may not
be at the peak of the emission however, given that they come from pointings. Further,
the average linewidth (FWHM) of our detections ~ 23 km s™!, which is also similar
to the average line width of the M31 clouds (~ 27 km s™!), which suggests that the

H1emission may be part of a similar population of objects.
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Figure 4.16: 21 cm spectrum from pointing 4. The x axis is the LSR velocity in km s~!'. The y
axis is the antenna temperature in K.
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Figure 4.17: 21 cm spectrum from pointing 7. The x axis is the LSR velocity in km s~'. The y
axis is the antenna temperature in K.

4.3  Discussion
The M31-M33 emission first detected by Braun & Thilker (2004) is still in the
form of H1clouds when mapped with the 9 GBT beam. Extensions appear on some

of the clouds. The extension for cloud 1 is either a spatially coincident cloud or is

material that has been stripped from it. Cloud 4 shows head-tail structure, but there
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Figure 4.18: 21 c¢m spectrum from pointing 10. The x axis is the LSR velocity in km s™!. The y
axis is the antenna temperature in K.

GBT12A-266 Pointing #19

0.02
0.02
0.01
0.01

Ta (K)
o

-0.01 |
-0.01

-0.02
-450 -400 -350 -300 -250 -200 -150 -100

LSRK Velocity (km/s)

Figure 4.19: 21 cm spectrum from pointing 19. The x axis is the LSR velocity in km s~'. The y
axis is the antenna temperature in K.

is a small velocity gradient along the tail, as with all the other cloud gradients in
velocity. The gradients are only a few channels wide and while they are likely real
features, we can’t draw any firm conclusions from them. The lack of any evidence
of line broadening and small velocity gradients lead us to conclude that there is no

evidence of an interaction between the clouds and a surrounding medium. Higher

velocity resolution observations are needed.
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The basic morphology of the Smith Cloud (Smith, 1963), a high velocity cloud
roughly 12 kpc distant (Lockman et al., 2008), is roughly similar to cloud 4 when
smoothed to the same linear resolution as our GBT data (Figure 4.20). We specifi-
cally used the Smith Cloud data taken with the GBT by Lockman et al. (2008) for the
spatial smoothing. We convolved the data cube by an appropriately sized Gaussian
that represents the GBT beam at approximately 750 kpc. One can see similar ve-

! similar to cloud 4. Smith’s cloud

locity structure with gradient of around 20 km s~
may be part of a larger stream of material that is interacting with the surrounding
medium (Lockman, 2012). Given these similarities, cloud 4 may be interacting with
a surrounding medium, although this is not conclusive.

Recent advancements to our understanding of the proper motion of M31 (Sohn
et al., 2012) predict that the Milky Way, M31 and M33 may undergo several inter-
actions within the next few billion years (van der Marel et al., 2012). Least action
based modeling (e.g. Peebles, 1995) using the revised measurements show that M31
and M33 may have had an interaction in the past, as well as with IC10 (Figure 4.21).
The crossing times of the clouds, however, are on the order of ~ 100 Myr and are too
short for the clouds to be due to an interaction thought to have occurred a few Gyr
ago (Bekki, 2008; McConnachie et al., 2009). The warm-hot intergalactic medium
may supply the necessary pressure to allow the clouds to persist for longer periods
of time if the WHIM’s densities were at least 1077 ¢cm™2, which is consistent with
predictions by Fukugita & Peebles (2004).

We also have updated the Tully-Fisher plot from Chapter 3 with the revised

cloud masses. While the clouds move closer to the relation, they still lie below it.
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Figure 4.20: The Smith cloud smoothed to the same linear resolution as the M31 clouds. Upper
left: The moment-0 map for Smith’s cloud, with contours drawn at 3, 6, 9 and 12 K km s~!. Lower
left: Smith’s cloud velocity field in the galactic standard of rest (GSR) frame, which corrects for the
rotation of the Milky Way. The contours are for GSR = 230, 234, 237 km s~!. Upper right: Cloud
4, with the same contours from Fig. 4.2. Lower right: Cloud 4 velocity field in the LSRK frame.
The contours are for -285, -280, -275 and -270 km s~1.

They still remain more highly clustered than the other Local Group objects with no
clear connection to any of the dwarf galaxies.

Given the results from our analysis of the 400 hour survey, when compared to
the 250 hours of data (Chapter 3), we conclude that the M31-M33 H1 clouds are still
likely to be condensations from an intergalactic filament, although a tidal feature can

not be ruled out. The major difference between the new results and the preliminary
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Figure 4.21: Modeling of the M31-M33-IC10 system using the revised proper motion measurement
of M31 and numerical action modeling. Potential interactions between M31, M33 and IC 10 can
clearly be seen. Data for the figure provided by Edward Shaya.
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Figure 4.22: An updated plot of the HI clouds and other Local Group objects against the Tully-
Fisher relation. The procedure for producing the plot is the same as for Chapter 3.

ones are that all of the H1 discovered in the Westerbork survey appears to be in the

form of H1 clouds.
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Roughly a third of our pointings to the northwest of M31 have Milky Way
emission at velocities similar to our detections. Thus, it is likely that some of the
emission seen in Braun & Thilker (2004) is foreground emission from the Galaxy.
Nevertheless, we can still attempt to draw some conclusions of the diffuse H1 we did
detect.

First, the average linewidth of the spectra are nearly the same as the average
linewidth of M31’s HVCs seen to the northwest (~ 21 km s™!; Westmeier et al., 2008),
suggesting that the emission might be part of the HVC population.

Second, we plot the local group standard of rest (LGSR) velocity of the detec-
tions versus angular distance from M31, which accounts for the Milky Way’s motion
with respect to the Local Group barycenter, as described and conducted in Chapter
3. The new detections, along with our original clouds and other Local Group objects
are shown in Figure 4.23. Our detections are at about the same velocities and only
lie slightly further from M31 than some of its HVCs. Thus, it is very likely that these
detections are either confusion with foreground Milky Way H1, or are associated with

the HVC population of M31.

4.4 Conclusions

To summarize, we find that the conclusions from the 250 hour survey still hold.
The M31-M33 clouds are likely condensations from an intergalactic filament. The
external pressure of the WHIM could allow the clouds to persist for longer periods

after a tidal interaction, but there is no direct evidence of line broadening or conclusive
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detections to the northwest of M31 (green diamonds) and the Andromeda dwarfs (aqua triangles).
The left most triangle is IC 10. LGSR velocities were taken from NED.

evidence of velocity gradients for the clouds. Cloud 4 appears similar to Smith’s cloud
which suggests that it may be on a similar evolutionary path, but given the resolution
of the data, it is not conclusive evidence of an interaction with the surrounding
medium. Higher resolution observations are needed.

Our pointings to the northwest of M31 did detect faint H1emission there, but it
is likely the result of foreground emission from the Milky Way, or is part of the HVC
population of M31. Mapping of this area has begun and will hopefully shed further
light on what the origins of this gas are. We are also planning on re-reducing all of our
survey data but at a higher velocity resolution. While we will lose sensitivity in the

process, given that our clouds are on the order of 10 times brighter than we expected
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the emission to be, we should still be able see emission and do a more thorough study

of the kinematics.
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Chapter 5

High and Intermediate Velocity Hrin the Southern Sky

We present southern sky maps of anomalous velocity H1 from the Galactic All-
Sky Survey. This survey is one of the most sensitive H1surveys of the southern sky
to date, with high spatial and angular resolution. We examine the basic properties of
this material at both high and intermediate velocities and produce the most detailed
maps of the high velocity and intermediate velocity gas to date, the latter of which
has never before been published for the southern sky. We investigate the sky covering
fraction and column density distribution of this gas. We also examine and discuss
several distinct features seen in the maps. Some of this gas, the Smith Cloud in

particular, may be in the final stages of accretion onto the Galaxy, representing one

possible outcome of the fate of the M31 - M33 H1 clouds (Wolfe et al., 2013).

5.1 Background

The existence of anomalous velocity gas around our Milky Way has been known
for over 50 years. van Woerden et al. (1957) suggested that clouds of H1 could con-
dense from the hot Galactic halo (Spitzer, 1956) and fall toward the Milky Way at high
velocities. Muller et al. (1963) discovered such clouds of Hrwith |vigg| > 100 km s,

the so-called High Velocity Clouds (HVCs).
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These clouds likely represent a variety of phenomena. A possible origin is that
they are primordial gas clouds that are currently being accreted by the Milky Way
(Oort, 1966). Alternatively, HVCs may be debris from interactions between dwarf
galaxies and the Milky Way, such as the Magellanic Stream (Bland-Hawthorn et al.,
1998; Bregman, 2004), which is a large tidal stream of gas over 200° long on the sky
that is a result of tidal stripping between the Magellanic clouds and the Milky Way.
Another possibility is the so-called Galactic fountain model, in which gas clouds are
formed when gas circulates out of the Galactic plane into the halo by supernovae,
condenses and then falls back onto the disk (e.g. Bregman, 1980; Shapiro & Field,
1976); intermediate velocity clouds (IVCs) are thought to fall primarily into the last
category of objects. The metallicities of IVCs that have been measured are at or near
solar values (Wakker, 2001); gas originating from the Galactic disk should have higher
metallicities than gas from the intergalactic medium (IGM) or the Local Group due
to enrichment from the interstellar medium. This with their low velocities suggests
that IVCs most likely originate from the Galactic disk. Most large HVC complexes
tend to have much lower metallicity, on the order of 10% solar (Wakker et al., 1999;
Collins et al., 2007). This, with their higher velocities, suggests that the large HVCs
complexes likely originate outside the Galactic disk.

No large HVC complexes exist in the southern sky, aside from the Magellanic
Clouds and Streams. Furthermore, no comprehensive map of IVC emission in the
southern sky has been published. To help further our understanding of the HVC
and IVC phenomena, a thorough exploration of their distribution across the southern
sky is necessary. The Leiden/Argentine/Bonn Galactic H1 Survey (LAB) covered
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the entire sky with an effective angular resolution of ~ 1° and velocity resolution of
~ 1 km s~! (Kalberla et al., 2005). It is known, however, that physical structure exists
for HVCs on scales smaller than 30' (e.g. Briins et al., 2005; Westmeier et al., 2005).
The Hr Parkes All-Sky Survey (Barnes et al., 2001; Putman et al., 2002, HIPASS)
provides ~ 15' resolution and high sensitivity in the south, but with velocity channel

spacings of ~ 24 km s7!

, which is too wide to study the internal kinematics of many
HVCs and IVCs with can have linewidths as small as a few km s (e.g. Westmeier
et al., 2005). A sensitive H1survey with the adequate spatial and velocity resolution
is needed. The Parkes Galactic All-Sky Survey (GASS) was specifically designed
to provide a high velocity resolution, high angular resolution survey of H1 covering
the entire southern sky. We therefore use the GASS data to study both the global
properties of the HVC and IVC gas and generate southern sky maps of the emission.

Separating 21 cm HVC and IVC emission from that of the Milky Way is not
a straightforward process. Historically, to identify high velocity gas, astronomers
have selected emission based on its velocity relative to the kinematic local standard
of rest (LSRK), vigr. Using this, high-velocity clouds (HVCs) are typically defined
with [visg| 2 90 km s~ and intermediate velocity clouds (IVCs) have 40 < |visr| <
90 km s! (e.g. Wakker, 2004). However, these limits are not rigorously defined.
If one is to understand the anomalous velocity gas in detail, a different method of
filtering out Milky Way emission is preferred. One can define a deviation velocity,
Vaev (Wakker, 1990), which is the difference between the anomalous velocity emission
and the maximum velocity allowed by a model of the H1 distribution and Galactic

rotation along the given sightline (van Woerden et al., 2004). This helps to remove
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Milky Way emission that at some positions, particularly near the Galactic plane, can
have visg beyond the HVC limits. For this work, clouds with |vgey| > 90 km s™! are

considered to be HVCs, while clouds that have |[vge,| = 30 — 90 km s7! are the IVCs.

5.2 The Galactic All-Sky Survey

The Galactic All-Sky Survey, or GASS, was designed to optimally study the
interaction between the halo and the disk of the Milky Way, along with the structure of
the Milky Way and the Magellanic system (McClure-Griffiths et al., 2009). The 21 cm
data were collected with the multi-beam receiver on the Parkes 64 m radio telescope
with a central beamwidth of 14.0" and a channel width of 1.0 km s™!. The survey
reached a 3o sensitivity limit of Ngr = 1.6 x 10'® cm™2 over a 30 km s~! linewidth.
Detailed information about the survey, reduction and first data release can be found in
McClure-Griffiths et al. (2009). The data used in this paper are from the second data
release, which has better baselines and corrections for stray radiation (Kalberla et al.,
2010). The GASS data on which this work is based was partitioned into 20 separate

Lin velocity

data cubes, each covering the southern sky and spanning roughly 50 km s~
for [vpsr| < 500 km s~

It should be noted that Moss et al. (2013) have recently conducted an analysis of
the GASS data to produce a catalogue of the detected, individual anomalous velocity
clouds. While that work focuses on the specifics of the clouds, this work focuses

primarily on the overall global properties and features seen in the GASS data. We

will, however, compare our results with those of Moss et al. (2013) where appropriate.
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5.3 Blanking Milky Way Emission

To create synthetic spectra that represent emission from the Milky Way, we use
the model by de Heij et al. (2002). The brightness temperature, from the equation

of radiative transfer, assuming no contribution from background continuum is
Tg(v) =Tk - (1 —e™ ™). (5.1)

Ty is the brightness temperature in K. Tk is the kinetic temperature, assumed to be
100 K (de Heij et al., 2002). 7, is the optical depth of the gas and can be calculated
(e.g. Spitzer, 1978) as a function of velocity using

nyr(cm—?) v

Tk(K) (kms—1

%) = H.487 % 10_19 .
ms

dr( ) - ds(cm). (5.2)

ds is the path length, which is our chosen grid size of 50 pc. ngyy is the number

density of H1atoms and @ is the spectral line shape. It is assumed the Milky Way

has a flat rotation curve at all galactocentric radii R with v,o = 220 km s™' and
o, =20 km s™! (de Heij et al., 2002) so that ® can be written as

Bv) = —— e 53)

V) = e 0% .
oV 2T
Thus, for a single velocity channel, the optical depth becomes
33.52 - _lr=vign)?
T = 2902 HHL 20 ) (5.4)

TK'UV
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For nyj, the de Heij et al. (2002) model treats the Milky Way Hr1 as a thin
disk with a constant central density, npr, = 0.35 cm™* within R = 11.5 kpc. Beyond
11.5 kpc, the midplane density exponentially decreases in the radial direction with a
scale length of 3 kpc. The motivation for de Heij et al. (2002) to choose these param-
eters was so that their model better resembled the data from the Leiden/Dwingeloo

Survey (Hartmann & Burton, 1997)

_ R—11.5kpc

npr(R > 11.5kpc) = nppo - e 3kee . (5.5)

In the vertical direction, the gas density follows a Gaussian distribution to account

for the extended H1disk. For R < 11.5 kpc, we have

7(Z7Z8)2
ngr = NHie - € 297 (5.6)

where o, = 180 pc, and zy = 0 pc (de Heij et al., 2002). For R > 11.5 kpc, we have

o,[R > 11.5kpc]
pc

=180 480 - (R — 11.5 kpc) (5.7)

zo|R > 11.5kpc] R —11.5

oe = 5 - sing + (

R—-11.5
6

) - (1 =2 cosg), (5.8)

to account for the warp in the Galactic disk (Voskes & Burton, 1999; Binney &
Merrifield, 1998). ¢ is the cylindrical Galactic azimuth centered on the Galactic

center, where ¢ = 180° is the direction toward the Sun.
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Using this model, we identify the most positive and negative visg for Hr1in
the model with Ty > 0.5 K at every position on the sky and generate maps of the
maximum and minimum allowed velocities v,.x and vy, that are due to Milky Way
rotation. These maps were then re-gridded to a zenith-equal-area (ZEA) projection.
This projection allows one to see the entire southern hemisphere with no large spatial
gaps that would be present in other projections. Each pixel in this projection also
has the same area, making a basic analysis of the maps simpler. Because the GASS
data are for declinations § < 1°, a blanking mask was applied to the v., and vy
maps to blank regions above one degree declination (Figure 5.1). Deviation velocity
is defined as: Vgey = |VLSR — Vmax OR min|- Pixels in the cubes whose LSR values gave
Vaey OUtside of our defined ranges were blanked, resulting in cubes free of Milky Way
emission, but still in the LSR velocity frame. This process of blanking in LSR velocity
was done separately for the high velocity and intermediate velocity cases. An example
of the blanking for the high velocity case is shown in Figure 5.2.

It should be noted that the maximum and minimum velocity limits are depen-
dent upon the choice of the model one uses for the Milky Way. The Kalberla & Dedes
(2008) model for instance uses different scale heights for the disk and empirically fits
their functions to survey data over several areas of the Galaxy. Thus, choice of a dif-
ferent model will likely include or exclude more H1emission. The most likely affected
regions of the southern sky would be near the Galactic warp and flare, as well as near
the center of the Magellanic Stream, where the H1 emission lies at or near Galactic
velocities. This should mostly affect IVCs as opposed to HVCs since they also lie

closer to Galactic velocities.
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Figure 5.1: Maps of the maximum (left) and minimum (right) H1 velocity due to Milky Way rotation
in the LSR frame using the model by de Heij et al. (2002). The maps have been masked to match
the sky coverage of GASS (0 < 1°).

5.4 Creating Southern Sky Maps

5.4.1 Calculating the Column Density

To calculate the Hi1 column density, assuming optically thin H1 emission, one
first needs the total H1 intensity, or moment-0. The total intensity is simply the

brightness temperature integrated over the velocity range of the emission

Mo = > Ty(vi) - Av, (5.9)

Vi

where we sum over the velocity channels vi. Ty is the brightness temperature in K and
Av is the channel width in km s™!. The intensity maps were calculated using only

brightness temperatures at least 30 above the spectral noise. Because the spectral
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Figure 5.2: Channel maps illustrating the blanking of Milky Way emission in velocity. The blanking
here is for the case of high velocity gas. Velocities are with respect to the Local Standard of Rest
(LSRK).

noise varies spatially across the GASS data, we took the first several channels of
the GASS data from the second data release, ~ 30 km s~! worth, that were free of
emission and calculated the root-mean-square (RMS) value of the spectra across the
survey area, allowing us to create an RMS map. This map was then used to blank
emission below the 30 noise limit to account for the spatial variations in noise across
the survey area. Since the total intensity is a sum over the velocity range of the

emission, the intensity maps for each sub-cube n of the GASS data, M@, can simply
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be added together to give the total H1intensity over all N cubes

N
Mo = > Mo, (5.10)

n=1

To calculate the column density, we can use Equation B.21

line

Nup = 1.822 x 10" em™ [ Tp(v) - dv = 1.822 x 10" em ™ - Y " T(vi) - Av,
(5.11)
or

Nur = 1.822 x 10" cm™2 - M©, (5.12)

where Ny is the H1column density in units of cm=2. The maps for the column density
of the high velocity and intermediate velocity gas are shown in Figures 5.3 and 5.4
respectively. The combined data for the HVC and IVC case is shown in Figure 5.5.
We note that the maps we generate and those developed by Moss et al. (2013), who
used the same Milky Way model to blank Galactic emission, are very similar. We
also show a two tone color map to distinguish HVC from IVC material where both

populations overlap (Figure 5.6).

5.4.2 Creating a Map of the Deviation Velocity

Since the cubes were still in the LSR frame, we first needed to calculate the LSR
velocity field from the blanked data cubes. A simple method would be to calculate the
moment-1, or intensity weighted velocity for this. This is not suitable for producing
all sky maps, given that two different sources of emission might overlap on the sky,
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Figure 5.3: Column density map of high velocity gas as seen with GASS (|vgey| > 90 km s71)

but may not overlap in velocity. The resulting velocity would be an average of the two
velocities. Instead, we chose to simply calculate the velocity for the highest bright-
ness temperature peak. Specifically, we found the velocity at which the brightness
temperature peaked in each of the 20 sub-cubes after the blanking was applied. We
then compared the peak temperature at each pixel across all 20 sub-cubes, keeping
only the brightest peak and the velocity associated with that peak. This method was
done for the HVCs and IVCs separately. It should be noted that this method has the
drawback of only showing the brightest emission for a given point on the sky.

To calculate the deviation velocity, we took the difference between the LSR

velocity fields and either the maximum or minimum velocity maps, depending upon
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Figure 5.4: Column density map of intermediate velocity gas as seen with GASS (30 km s™! <
[Vgeu| < 90 km s71 )
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Figure 5.6: Two tone color map of the HVC and IVC gas. HVC material is in red, while the IVC
is in green. Cloud Complexes are labeled. MS is the Magellanic Stream. SMC and LMC are the
Large and Small Magellanic Cloud respectively. MS is the magellanic Stream. SC is Smith’s Cloud.
Other complex labels are taken from the literature (Wannier et al., 1972; Wakker & van Woerden,
1991).

which difference was smaller. If |vig, — Vipin| < |[Visr — Vimax|, We took the difference
between vig and Vi If [Vig — Vinin| > |[Visr — Viax|, we took the difference between
Visr and Vigax.

Figure 5.7 shows the deviation velocity for the intermediate velocity gas, overlaid
with the deviation velocity for the high velocity case. This is to show the contrasting

velocities in regions where both populations overlap.
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Figure 5.7: Deviation velocity map for both the high velocity and intermediate velocity gas. High ve-
locity HTis overlaid on the intermediate velocity HT to highlight the contrasting velocities, especially
in the Leading Arms of the Magellanic Stream.
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5.5 Global Properties

For this work, we consider the basic properties of the total sky covering fraction
and column density distribution of the HVC and IVC gas. The column density
distribution was calculated by summing up the emission over the entire GASS data
set and converting to column density. Since the pixels in a ZEA projection have
equal area, the column density distribution was calculated by determining the total
number of pixels within a certain column density bin and dividing by the total number
of spatial pixels in the GASS data, yielding a percentage.

The binning of the data is done as described in van Woerden et al. (2004) to pro-

vide a more reliable representation of the data. Specifically, data between 10'® cm—2

2 and

and 10 cm™2 were binned by 10'® cm~2 intervals. Data between 10 cm™
10%° cm~2 were binned by 10 em™2 and scaled down by a factor of 10. Data be-
tween 10%° cm~2 and 10?' cm ™2 were binned by 10?° cm =2 and scaled down by 100

2 over the whole data range, but

and so on. This is equivalent to binning by 10'® ecm™
also ensures that the high column density bins are not empty. The resulting distri-
bution is similar to that of other surveys when they are properly scaled by the same
method (Wakker, 2001; Hulsbosch & Wakker, 1988). See Figure 5.8 for the results
from the HVC case, IVC case, and when the HVC and IVC data are combined.

The distributions follow a power law with an index of &« = —1.4 £+ 0.2. This is
similar to the index measured from Moss et al. (2013) for the case of HVCs (Moss

et al., 2013). That work, however, focused on individual clouds, disregarding emission

from the Galactic warp and flare. The result is slightly shallower when compared
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Figure 5.8: Column density distribution of the GASS survey for the HVC gas, IVC gas and when
both populations are combined. The x-axis is the column density in units of cm~2 and the y-axis is
the total percentage of sky coverage. The arrow indicates the sensitivity limit of the GASS survey.
The black line is the power law fit for the I+HVC distribution (o = —1.4 £0.2).

to the results of the HVC distribution from Putman et al. (2002), although they
developed their distributions from the clouds as well, and not the overall emission.
The sky covering fraction of the HVC gas down to 1.6 x 10'® em~2 is approximately
7%. The IVC gas has a covering fraction of approximately 17% and both populations
together give a total sky covering fraction of approximately 22%. The result for the
HVC case is lower than that reported by other surveys down to similar sensitivities
(e.g. Hulsbosch & Wakker, 1988; Murphy et al., 1995). This is likely due to the fact
that for these surveys, the beam area is roughly twice as large (~ 30') as the one
used for GASS and thus the emission from the previous surveys would appear to be
more extended. A simple ratio of the beam sizes provides roughly a factor of four
larger beam area. Assuming that small clouds become more extended, and the edges

of the larger structures extend as well, would roughly scale the GASS results to the
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same general range as the previous surveys. The inclusion of the large, extended
HVC Complexes of the northern sky which, aside from the Magellanic system, is
lacking in the southern sky can also increase the measured sky covering fraction of
anomalous velocity gas. These results are also lower than those reported in a sensitive
Hisurvey by Lockman et al. (2002) (~ 37%). That survey, however, defined high

I and was more sensitive than GASS. An

velocity emission as |vpsg| > 100 km s~
extrapolation of the power law fit of the GASS results to the same sensitivity gives a
covering fraction of ~ 33% for both the HVC and IVC emission, which is similar to
the Lockman et al. (2002) result.

The turnover in the distributions occurs at the survey’s sensitivity limit. This
means one cannot determine an average or “most likely” column density from the
anomalous velocity emission down to this limit. The sky covering fraction and col-
umn density distributions suggest that most of the anomalous velocity clouds in the
southern sky have smaller angular scales with higher column densities than the clouds
detected in the northern sky, which is evident upon inspection of the HVC/IVC maps.
What emission is not Galactic or Magellanic appears to be in the form of small clouds.

Roughly 19% of the anomalous velocity emission in the southern sky is at neg-
ative LSR velocities. However, most of this effect can be attributed to the rotation
of the Galaxy. Transforming to the Galactic Standard of Rest frame, GSR, which
is relative to Milky Way rotation has been shown to eliminate most of the velocity
bias. See Wakker (2001) and van Woerden et al. (2004) for a more detailed discussion
of this. We can also calculate the deviation velocity distribution of the anomalous

velocity gas (Figure 5.9). There is an asymmetry present in the distribution. The
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lis due to the Galactic warp and flare present in the

large peak around 4+ 30 km s~
maps. The increased amount of emission between 120 km s~! and 250 km s is due
to the Magellanic Clouds and parts of the Magellanic Stream. There is more positive-
deviation velocity emission in the southern sky than negative, which is also apparent
in previous surveys (e.g. see Wakker, 2004).

There has been no word of an IVC catalogue using the LAB survey as of 2011
(Witt et al., 2011). Even so, the images produced by Tobias Westmeier! (Westmeier,
2007) resemble our results upon visual inspection. When Morras et al. (2000) un-
dertook a closer inspection of the TAR component of the LAB survey (Bajaja et al.,
2005), several features were revealed in the maps, many of them very similar to those
in our map; specifically, the extended emission around the Leading Arms of the Mag-

ellanic Stream at positive Galactic latitudes. Nevertheless, our IVC maps are the

most detailed and complete for the southern sky to date.

5.6 Individual Features

5.6.1 High Velocity Emission

The most obvious features from the HVC map are the Large and Small Magel-
lanic clouds (LMC and SMC in Figure 5.6), as well as the Magellanic Stream (MS).
Also visible are the many filaments and bifurcations extending off the Magellanic
Clouds as discussed by Stanimirovi¢ et al. (2008), and the Leading Arm material

(LA). Work by Venzmer et al. (2012) has investigated the Leading Arms of the

Thttp://www.atnf.csiro.au/people/Tobias. Westmeier /research _hvesky.php
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Figure 5.9: Deviation velocity distribution for both the HVC an IVC gas. The velocity is binned in

increments of approximately 7 km s—!.

Magellanic Stream using GASS. Even though they filter Milky Way emission based
on the LSR velocity, the structures of the Leading Arms they observe closely match
those from this work. The velocity gradient along the MS is obvious upon inspection.
There is also emission seen from the Complex GCN. Clouds also appear near the
Galactic Center, which likely is due to the non-circular velocities of the gas located
there. The HVC Complex WE can be seen to the right of the MCs. Some clouds
from Complex WD are visible to the right of the Leading Arms at positive Galactic
latitude. A small portion of Complex WA is visible at the bottom left. The rest of
the emission is in the form of small clouds. A thorough comparison of the emission

in the HVC maps to those of other surveys is ongoing.
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5.6.2 Intermediate Velocity Emission

The IVC map also contains parts of the MS and the SMC, including streams
coming from both structures. Clouds from Complex GCN appear as well. The largest
feature seen at low deviation velocity is due to the Galactic warp. Most emission
from it lies very near the velocity cutoff as expected. There is a clear kinematic
distinction between the Galactic plane material and Complex L, but there appears to
be a kinematic connection between Complex L and the ejecta clouds detected in the
GASS pilot region, which is likely ejected material due to supernovae or stellar winds
(Ford et al., 2008). Emission can also be seen at higher Galactic latitudes (toward the
bottom of the maps), including material spatially coincident with the Leading Arms
seen in the HVC map. A closer inspection of the maps reveals a decreasing gradient
in deviation velocity (~ 50 km s71) in the Leading Arms to higher latitudes and a
slightly decreasing one (~ 15 km s7') in the surrounding IVC material. Evidence is
emerging that some of the Leading Arm material is interacting with the Galactic disk
(McClure-Griffiths et al., 2008; Venzmer et al., 2012). It may be possible that this
IVC gas is Galactic material pulled up from the disk or stripped from the Leading
Arms due to this interaction, but that remains uncertain.

The Smith Cloud (Smith, 1963) (SC in Figure 5.6) also appears at the extreme
edge of the map. As shown in Chapter 4, there is similar morphology between the
Smith Cloud and one of the M31-M33 clouds (Cloud 4). The Smith Cloud may very

well represent a cloud in the late stages of accretion onto the Galaxy (Lockman et al.,
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2008) and may represent the ultimate fate of the M31-M33 clouds. Comparison of

the IVC features seen in the GASS data to those of other H1surveys is ongoing.

5.7 Conclusions

Our maps of the anomalous velocity southern sky are the most detailed to date.
Specifically, the maps have both high spatial and velocity resolution, as well as good
sensitivity. Some IVC emission near the warp may be due to an interaction between
the Galactic plane and Leading Arms. Examining the deviation velocity distribution
shows that asymmetry exists between H1at positive and negative deviation velocities,
with the larger amount of the positive velocity gas being due to the Magellanic system
and Galactic warp. Examining the column density distribution reveals that there is
no clear peak seen in the column density distribution of the H1emission down to the
survey sensitivity. It appears that, apart from the Magellanic system, most of the
HVC and IVC emission in the southern sky in is the form of small clouds, in contrast
to the large cloud complexes seen in the north.

There is a kinematical connection between Complex L and H1 ejecta clouds,
suggesting that complex L may be the result of gas removed from the disk by su-
pernovae. The Smith Cloud may be a good representation of the final fate of the
H1 clouds now known to exist between the Local Group galaxies M31 and M33 and
there may be similar clouds in the GASS data . A detailed comparison of the features

seen in GASS to those of other surveys is ongoing.
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We can also use these data to study the two-phase temperature structure seen
in some of the HVC/IVC gas, which can help us better understand the surrounding
halo environment and the fate of the anomalous velocity gas (e.g. Wolfire et al.,
1995). A thorough understanding of the HVC/IVC phenomenon is needed to search
for analogies or any clues as to the origins and possible fate of the M31-M33 H1Clouds
(Wolfe et al., 2013). Developing methods for this with clouds around the Milky Way
will be important when we can obtain higher resolution data of the Local Group

clouds.
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Chapter 6
Conclusions and Future Work

6.1 The M31-M33 H1clouds

A decade ago, Braun & Thilker (2004) discovered a faint stream of H1between
M31 and M33 and concluded that they were seeing a condensing intergalactic filament.
While a better understanding of the stellar components between M31 and M33 has
developed since then (e.g McConnachie et al., 2009), our knowledge of the gas was
still lacking.

We have shown that the GBT is more than capable, with careful planning, to
map extremely diffuse H1. Although we did discover a problem with the GBT Spec-
trometer, it was soon remedied, still making the GBT the only single dish telescope
that can do this work reliably, thanks in large part to its design. The new GBT
spectrometer, VEGAS, makes this even better, given its high dynamic range.

We have mapped part of the M31-M33 stream in detail, and find H1 clouds a
few kiloparsecs in size, similar to dwarfs but really unlike any Local Group object. All
of the Himass discovered by the Westerbork survey that overlaps our survey appears
to reside in these clouds. The kinematics and lack of stars suggest that they are likely
the result of a condensing filament, but we still cannot rule out a tidal feature. In
order to do so, we need to map more areas around M31, and potentially M33, to

better understand how the emission really is distributed, both in space and velocity.
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Pointings to the northwest of M31 indicate that the faint emission seen there is likely
due to foreground H1 from the Milky Way and/or part of M31’s HVC population.
Again, mapping of this area is also needed. GB'T observations of the Local Group
are ongoing and will continue into the future.

We will also need higher resolution data, both spatially and in velocity. These
clouds may very well resolve into smaller structures at higher column densities if
we observe them at higher spatial resolution. Higher velocity resolution will also
allow us to truly probe for line broadening and search for two-phase temperature
structure in these clouds. That information can potentially tell us something about
the environment surrounding the clouds. The VLA, in D configuration, would take
on the order of 60 hours to map the brightest clouds. We do plan on re-reducing all
of our data at higher velocity resolution for a thorough study of the cloud kinematics.

Absorption line measurements will also prove quite informative. There are a few
bright sight lines near the M31-M33 clouds. HST observations can reveal information
about the environment surrounding them, such as the ionization, and potentially
provide us with a measurement of the metallicities. Low metallicity gas would suggest
a primordial origin, furthering the possibility of a filament, while metallicities similar
to M31, M33 or some other object would further support a tidal explanation for
the Local Group clouds. If our ongoing H1 observations of the region can provide

detections along suitable sight lines, then HST observations will be pursued.
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6.2 HVCs and IVCs with GASS

We have also examined the H1that exists around our own Galaxy, in the form
of HVCs and IVCs, by specifically using GASS to produce all sky maps of the HVC
and IVC emission. We have filtered out Milky Way emission from the GASS data by
employing the deviation velocity as opposed to using visr. These maps are the most
detailed of anomalous velocity emission to date, particularly for IVCs in the southern
sky. The maps clearly show features that represent different evolutionary paths for
the Hi, such as tidal features (e.g. the Magellanic System), accretion in the case of
Smith’s Cloud and Galactic fountain material. It is possible that some of the material
seen in GASS may represent the end result of the M31-M33 clouds evolutionary path.
Thus, studying how H1accretes onto galaxies like our Milky Way is important, if we
wish to understand how galaxies can continue to acquire fresh gas to form new stars.

Our analysis of the global properties leads us to conclude that most of the
anomalous velocity clouds in the southern sky are typically smaller than the clouds
and cloud complexes in the north. This is in agreement with the recent work by
(Moss et al., 2013), who focused their analysis of the GASS data on the actual cloud
properties and not the overall, global emission.

Because of the excellent velocity resolution of the GASS data, it is our plan
to begin fitting and mapping the two phase temperature structure of the Hr across
the southern sky. This is important, because if we can determine whether or not an
H1cloud has two component structure, it will then help us to learn some of the most

basic properties of Galactic halo, such as the temperature and pressure (e.g. Wolfire
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et al., 1995). Given the wealth of information contained in the GASS data, there is
no doubt that more interesting discoveries are waiting to be made with it. In the
end, we wish to search for any and all analogous properties of the HVCs and IVCs

around our own Galaxy to those of the M31-M33 clouds.
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Appendix A

The Hi1Hyperfine Transition

The neutral hydrogen atom, or H1, contains a single electron in an orbital around
a single proton. Each particle’s angular momentum includes both an orbital term L

%

and a spin term § such that the total angular momentum becomes ﬁ =L + §
The orbital angular momentum term for both particles is zero for the H1ground state
- o . L .
(L = 0). The proton and electron are spin 5 particles, so their spins can be either
“up” or “down”. This means that the z-component of their spin angular momentum
S, can be j:’—;. Thus, there are four possible states for H1, with a total spin magnitude
of either F =0or F = 1.

The difference in energy between these states AE,; is due to the interaction of
the magnetic field inside of the proton B, with the magnetic moment of the electron

[ (e.g. Griffiths, 1999). Specifically, we have
%
Bpor = —P (2 By), (A1)

where P is the probability the electron is found within the radius of the proton, R,.

To calculate P, we use the ground state H1 wave function (Shankar, 1994)

[%0) <= e, (A.2)
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where a, is the Bohr radius. Thus, we have

2T T Rp
P = / d¢/ sin 0 d&/ || 12 dr. (A.3)
0 o 0

Integrating and Taylor expanding in powers of % gives

3
_ ARy

= 3 (Rp < a,). (A.4)

The magnetic moment of a particle with charge q and mass m can be defined in terms
of its spin (Shankar, 1994)

7=

q
— A.
St (A.5)

where g is the spin g-factor. Inside the proton, the magnetic field is assumed to be

constant and can be written classically as (Griffiths, 1999)

— Ho —
B, = .
P QWR?) P

(A.6)

Inserting Eq. A.6 into A.1 and applying the definitions of the magnetic moment of
the electron and proton gives

woe? = =
e

Epot = ge Se - Sp. (A.7)

&p 3
6rajmem,
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— =
To determine Se - Sy, we first take the scalar product of F with itself and rearrange,

giving
S.5,-5(FF-8.8-55§) (A8)
and thus
= = h?
Se-Sp |¢) = 5 [F(F+1)—=Sc(Se+1)—S,(Sp+1)] |¢). (A.9)

Se and S, are both % So, for the F = 0 and F = 1 state we have, respectively

%8 [heco =~ o) (A.10)
Se Sy [¥)emr = 7 10). (A11)

Applying Eq. A.10 and A.11 to A.7 and taking the difference between these two

states gives, plugging in known values for the constants

242

h
AEpo = ge 85 mﬁ*ﬁ = 0.43 x 1072 J. (A.12)
o e P

This is the energy released, in the form of a photon, when the total spin decays, or
“fips” from the higher F = 1 state to the lower F = 0 state. This corresponds to a
frequency of

N

v — 1420.406 MHz, (A.13)
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or a wavelength of

A=< =21.106 cm. (A.14)
1%

The temperature associated with this transition is

h
T~ 7’/ — 0.0683 K, (A.15)

which is less than the cosmic microwave background (Fixsen, 2009). Thus, if hydrogen
gas exists in the neutral state, then 21 cm transitions will take place.
To estimate the emission rate, we use the Einstein A coefficient A for a mag-

netic dipole. Specifically, we have (e.g. Draine, 2011)

Ay =107 (A.16)

<P> is the average power radiated by the dipole (e.g Griffiths, 1999)

dpom® 41 1o
where 1 is the magnetic moment of the dipole. In this case, |uio] = 27‘; is the Bohr
magneton. Thus we have
Apom® 2 15 —1
A10 = WU |/,Ll()| ~ 2.85 x 10 S . (A].g)
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The average radiative half life of the 21 c¢m line then is

712 = Ajg ~ 3.5 x 10" s & 11.1 million years. (A.19)
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Appendix B

Radiative Transfer and the H1Line

Imagine radiation of specific intensity [, incident on a parcel of gas with incre-
mental path length ds. A fraction of this radiation will be absorbed by the gas, dI,_,
while emission from the gas will also add to the intensity by some amount dI,,. Thus

the total change in the intensity of the radiation along the parcel of gas will be

dl, =dl, —dI,_. (B.1)

It is typical to define the amount of radiation absorbed and emitted as

dl,. = —k,I,ds (B.2)

dl,+ = €,ds, (B.3)

respectively, where k,, is the absorption coefficient and €, is the emissivity. Equations
B.2 and B.3, along with many of the following formulas and definitions can be found

in Draine (2011). Thus equation B.1 becomes

— =€, — K1, (B.4)
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which is the equation of radiative transfer. In local thermodynamic equilibrium,

Kirchhoff’s Law states that

v — B,(T). (B.5)

Ky

Here, B, (T) is the Planck function with T being the (kinetic) temperature of the gas

2h3 1
B,(T) = 2 o /KT _ | (B-6)
The optical depth, 7,,, is defined such that
dr, = —k,ds. (B.7)
So, substituting Eq. B.5 and B.7 into B.4 gives
dI
=1, -B,(T). B.
- (1) (B3)
The solution to Eq. B.8 is
Tu(8)
I(s) =1,(0)0e™® + / B, (T)e ™®dr,(s). (B.9)
0

One can expand the exponential of Eq. B.6 for the case of (hv/kT < 1) which results
in the Rayleigh-Jeans law

B,(T) = =*T, (B.10)
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which is valid for most thermal radio sources. From this, one can define the brightness

temperature Ty of a thermal or non-thermal source such that

2k
I, = C—2y2TB. (B.11)

Thus, Ty is the the temperature a non-thermal source would need to produce black-
body emission at the observed intensity I,,. Substituting Eq. B.10 and B.11 into B.9
gives

7u(8)
Tg(s) = Tp(0)e ™® +/ T e ™®dr,(s). (B.12)
0

If the gas is assumed to be isothermal, where T is constant, then Eq. B.12 can be
directly integrated

Tg(s) = T(0)e™™® + T (1 —e ™). (B.13)

If 7> 1, then the gas is said to be optically thick and we have
Tg~T. (B.14)
If 7 < 1, then the gas is optically thin and we have
Tg~T1, T. (B.15)

It can be shown (Draine, 2011) that the emissivity for the Hrline can be written

as
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3
€, N 167 Ao h o ¢(v) n(HI), (B.16)

where Ay is the Einstein A coefficient and g is the 21 c¢m transition frequency. See
Appendix A. n(H1) is the number density of Hr atoms and ¢(v) is the normalized
line profile determined by the velocity distribution of the H1. If we assume the gas is
optically thin, where absorption is ignored, then we can solve the radiative transfer

equation and integrate over v to give

/(L, S 1(0))dy = //e ds dv — 16% A b N(HT), (BT

where N(H1) is the H1 column density. It is typical to define the radial velocity of

the gas v, along the line of sight, using the Doppler effect such that
dv=c —. (B.18)

Substituting this into B.17 and converting I, to brightness temperature gives

3 hc?

/ (T = To(0))dv = 55— Auog o N(HI), (B.19)

which is the area under the spectral line in velocity. This will be defined as

/ (T — Tp(0))dv = /1 Ty v (B.20)

96



Rearranging and plugging in the known values for the constants, we have

— 1.822 x 10 /ln (T]iEV)) <kn(j:,—1)' (B.21)

If we assume that the gas follows a Maxwellian distribution in velocity due to

N(HTI)

cm™—2

thermal motions, then one can use the line width, or full width at half maximum

(FWHM) of the line to estimate the kinetic temperature Tk

¢(U) ~ 6_272%11(”2 ~ efFéllfygigﬂvz, (B.22)
Thus we have that
myg 2
Ty ~ ———(FWHM)~. B.23

For this written work, typical line widths are on the order of 25 km s~! (Wolfe
et al., 2013), which gives T ~ 10? K. Typical brightness temperatures are only a few
dozen or so mK. Thus we have that 7 < 1.

One can also take the integrated intensity of the emission and calculate the
total H1 mass over a telescope beam. The beam projects an area at some distance
D over a solid angle 2 such that the covered area is A = D? . The total number of
Hr1atoms Ny is simply the column density times the area, so the total H1mass over

the telescope beam then becomes

MH peam = Mp1 Niot = mpy N(HI) A = my; N(HI) D?, (B.24)
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where my is the mass of the H1atom. Thus, to calculate the H1 mass, one must
have some knowledge of the distance to the object in question. Using Equation B.17
for N(HI), replacing I, with the flux density S, over one telescope beam, plugging in

known values for the constants and rearranging, we have

MHI beam 5 D 2 / SV dv
— ) — 936 x 1 () B.2
( M@ ) 3010 <Mpc) line Jy km s—1 ( 5)

Mg is the solar mass. Jy is the Jansky unit of flux density, defined such that

1Jy=10"%6 W

m2 Hz sr’
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Appendix C

Radio Telescope and Spectral Line Fundamentals

The power per unit spectral frequency P, received by a radio telescope, in units

of W Hz™!, is defined such that

Sy

=, (C.1)

where A, is the effective collecting area, in m?, and S, is the flux density of the
radiation incident on the telescope in units of W m~2 Hz~!. The factor of two arises
when the radiation is unpolarized. Specifically, both orthogonal components will vary
rapidly but will have the same power when averaged over long periods of time. In
general, the power dP, measured due to some flux density dS, along a given sightline
(6,¢) is defined such that dP, = 1A.(6, ¢)dS,. Virtually all of the definitions and
formulas used in this Appendix can be found in Stanimirovic et al. (2002) or at the
national radio astronomy observatory’s online course'.

If we were to place an antenna in a cavity at thermodynamic equilibrium, then

we can use the Rayleigh-Jeans approximation for blackbody radiation and find that

ds, B, kT
P, = / 0,005 = [ Adb0)a0 =55

A

A0, 6)dQ.  (C2)

47

Thttp://www.cv.nrao.edu/course/astr534/ERA.shtml
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Antenna temperature Ty is defined as the power received per unit spectral frequency

Ta

P,

which is the temperature a resistor would be if it were radiating the same amount of

power. Thus, we have, using Equations C.2 and C.3

/ Au(6, $)dQ = A2 (C.4)

The power gain of a transmitting antenna G(6, ¢) is defined as the ratio of
the power transmitted per unit solid angle in some direction to that of an isotropic
antenna transmitting at the same power. The normalized power pattern P, (6, ¢) is

defined as

P.(0,¢) = : (C.5)

A transmitter projects this pattern on the sky, generally consisting of a central main
lobe, or main beam, and smaller side lobes extending outwards in solid angle. The

beam solid angle is defined to be the power pattern integrated over all solid angles

QAE/ (0, $)dQ = Gl GdQ. (C.6)
4

max J 4

For an ideal lossless antenna, f 1, GdQ2 = 47 and thus we have that
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The reciprocity theorem states that since Maxwell’s equations are time reversible, a
transmitting antenna with gain G is equivalent to a receiving antenna with effective

area A.. Specifically, we have that

(C.8)

If we assume that radiation of some brightness temperature Ty subtends some solid

angle of the telescope beam (g, then we have that

k’]:‘B )\QGmax QS
kT = Pl, ~ — Q = kT -, .
A A2 4x O SON (C.9)

See Appendix B for a discussion of brightness temperature. So, we have that

Q
Ta~ Tp—. (C.10)
Qa
If our source is large, meaning that it extends beyond the telescope beam, then
Qs = Q2 and the antenna temperature and brightness temperature are the same.
So, Ty is the unit typically used to quantify the intensity of extended sources. The

aperture efficiency is also defined as the ratio of the effective area to the geometric

area Ageom.

Ae

Na = - (C.11)

The power received by a radio telescope is typically bounced off of a primary

reflector onto a secondary sub reflector or directly into the receiver assembly, or front
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end. There the signal is detected by two orthogonal dipole antennas, preamplified
and then sent to the backend, where further amplification is done and the spectra are
formed. The reason the dipoles are orthogonal is to detect both polarizations of the
radiation. The data are then collected and stored for future use. If both polarizations
are used, they are typically stored separately. One typical form of data is spectral line
data. Here, the power is measured across a range of frequencies, the bandwidth, and
stored as measures of power versus frequency. The power levels detected in the raw
spectral data can be from several sources, such as the sky and from the amplifiers.
This typically produces a shape across the band that must be corrected for. See

Figure C.1 for an example.

Scan 21 vV ¢ —260.0 RADI-LSR FO : 1.42041 GHz  Pol  YY Tsys:  17.09
2011-01-11 Int : ©0 00 04.8 Fsky : 1.42151GHz  IF: 0 Teal:  1.47
Spencer Wolfe LST : +00 32 43.8 BW : 50.0000 MHz AGBT10C_066_02 RALongMap

01 25 31.39 +37 15 21.0 M3I1_M33 Az 91.9 Ei: 79.4 HA: —0.88

4

Counts
)

lIIIIIIIIINIIIIIIIII{IHIIIIII[

‘IIIIIIhl1ilrllllII‘IIIIIIIII‘IHIIIIII‘

TTTITTTTT

0E= L L . ) .

1.40 1.41 1.42 1.43 1.44
LSR Frequency (GHz)

Tue Feb 8 10:52:10 2011

Figure C.1: A raw spectrum taken with the GBT. Note the broad shape seen across the spectral
window. The spike in the middle at 1.42 GHz is emission from our own Milky Way galaxy.

To subtract out the effects of the sky, electronics and so on, one generally takes
two spectra. The first is a spectrum taken when the telescope is directly over the
astronomical source of interest, or signal. The second is a reference spectrum which
ideally contains all previous sources of input power except that of the astronomical

source. There are two primary ways to do this. The first is to position switch, or take
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the reference spectrum at a different direction, but not far from the source. Thus
when one subtracts the reference from the signal spectrum, all that should remain
is the astronomical source. The second method is frequency switching, in which
the reference spectrum is generated by shifting the central frequency of the spectral
window by some amount. Frequency switching can be done quickly and is necessary
when the source covers a large part of the sky, such as our own Galaxy, but because
the shape of the band depends on frequency, the final spectra may still have residual
structure. Position switching can produce less structure, but can take longer to do
because the telescope must slew to a different position and then back again.

In either case, once the subtraction is done, the resulting spectra should be
fairly flat with only the desired spectrum of the astronomical source remaining. See

Figure C.2 for an example of position switching.

Scan 21 vV : —260.0 RADI-LSR FO : 1.42041 G6Hz  Pol: YY Tsys:  17.09
2011-01-11 It : 00 DO 04.8 Fsky: 1.42151GHz F: 0 Teal: .47
Spencer Wolfe LST : +00 32 43.8 Bw : 50.0000 MHz AGBT10C_066_02  RALoangMap

01 25 31.39 +37 15 21.0 M31_M33 Az: 919 E: 79.4 HA: —0.88

2 T T T T

Counts

1.40 1.41 1.42 1.43 1.44
LSR Frequency (GHz)

Data Cortoiner 0 Tue Feb 8 10:33:00 2011

Figure C.2: A position switched spectrum. Notice how the spectral baseline is flat. The source of
interest is too faint to see here. The residual features at 1.4 GHz are incomplete subtractions of
Milky Way emission since it is highly dependent upon position.

The spectra is still in terms of power, or counts, which should be converted

to antenna temperature. Here the power P and temperature T are related by the
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gain T = GP. The temperature of the source then becomes the difference in power

between the signal spectrum and reference spectrum

Toe = G(Psig - Pref)' (012)

The gain is a difficult quantity to measure. The front end of the telescope has a
noise diode that, when activated, injects power into the front end. The temperature

of this, called T,j, is similarly the difference in power when the noise diode is on and

off

Tcal = G<PCALon - PCALoﬁ)ref- (Cl3>

where the difference is taken at the reference position. Substituting Equation C.12

into C.13 gives
Psig - Pref

Tsrc = Tcal .
(Pcaron — PoALoft ) ref

(C.14)

To determine T,,, one typically observes a calibration source of known flux
density S, taking both a signal and reference spectrum. For data specific to the

Green Bank telescope (GBT) one uses the relation

T P off .sig — P OlIl,Te€:
Tcal =238 Ta gsin(el) CALof sig CALOM xef (015)

CALon,ref — PCALoff,ref

The factor of 2.8 comes from the GBT collecting area and Boltzmann’s constant. el
is the elevation, above the horizon, of the observation. 7 is the atmospheric opacity

at zenith (el = 0) and is included to correct for attenuation of the signal as it passes
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through the atmosphere. Once T, is determined, it can then be applied to Equation

C.14 to give the final spectrum in units of temperature versus frequency.
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