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ABSTRACT OF THESIS submitted by Marta Isabel Rocha Alves
for the Degree of Doctor of Philosophy and entitled

Diffuse Radio Recombination Line Emission on the Galactic plgtsgch 2011

A full-sky free-free template is increasingly important tbe high-sensitivity Cos-
mic Microwave Background (CMB) experiments, suchRlanck On the Galactic
plane, where free-free estimations fronx Ifheasurements become unreliable, Radio
Recombination Lines (RRLs) can be used to determine thenthldorightness tem-
perature unambiguously with no dust contamination. RRlesaapowerful tool for
the diagnostic of the interstellar medium, tracing the $edi component, its electron
temperature, velocity and radial distributions.

This thesis describes the investigation of the ionised giorisrom Hi regions and
diffuse gas along the Galactic plane using RRLs, with the aimafiging a map of
the free-free emission to complement the high latitudedtservations. Measuring
the free-free emission on the Galactic plane is of great mapae to understand and
characterise other Galactic emission components: sytromoanomalous dust and
thermal dust emission.

The fully-sampled HParkes All-Sky Survey and associated deep Zone of Avoid-
ance Survey are re-analysed to recover extended RRL emis$iwey include three
RRLs (H16&@, H167 and H16&) at frequencies near 1.4 GHz. A data cube covering
¢ = 20° to 44 and|b| < 4° is constructed of RRL spectra with velocity and spatial
resolution of 20 km s and 14.8 arcmin, respectively. Well-knowniHegions are
identified as well as the fluse RRL emission on the Galactic plane.

In order to convert the integrated RRL emission into a fiee-brightness temper-
ature a value of the electron temperaturg) (of the ionised gas is needed. Using the

continuum and line data from the present survey, the vanatf T, with Galactocen-
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tric radius was derived for the longitude ranfe- 20° to 44, with a meanT, on the
Galactic plane of 6000 K. The derivad variation was used to obtain the first direct
measure of the free-free brightness in this region of theaGal plane. Subtraction
of this thermal emission from the total continuum at 1.4 GEavks the first direct
measurement of the synchrotron emission. A narrow compasfemidth 2° is identi-
fied in the synchrotron latitude distribution. Determinihg free-free and synchrotron
emission in this region of the Galactic plane identifies themaalous microwave com-
ponent, when combined witwWMAPandIRIS data. The results are in agreement with

models of small spinning dust grains.
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Introduction

This Chapter provides the background and introductioneontbrk in this thesis. Sec-
tion 1.1 summarises the observations of the Cosmic Micrev&ackground and ex-
plains the relevance of this work in the study and modellingsdGalactic foregrounds.
Section 1.2 introduces Radio Recombination Lines (RRLS) tAeir applications to
Galactic astrophysics, in particular to the study of theffiee emission. Finally, Sec-

tion 1.3 gives the goals and outline of this thesis.

1.1 Observations of the Cosmic Microwave Background

The Cosmic Microwave Background (CMB) radiation was firggodivered in 1965
by Penzias & Wilson (Penzias & Wilson 1965), as a temperatuoess of 3.5 K in
their measurements of the sky background. This is explamegims of an expanding
Universe. The temperature decrease3 & = To(1 + 2), wherez s the redshift and
Ty is the temperature & = 0. By the time of recombination, about 400,000 years
after the Big Bang oz ~ 1000, the Universe had cooled to a temperature300 K.

At this temperature, matter can no longer remain ionisedsarttie electrons combine
with protons to form neutral hydrogen atoms. The CMB is fodna the surface of
last scattering at ~ 1000 when the photons last interact with free electrons bad t

Universe becomes transparent.
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The CMB radiation has a spectrum that fits a blackbody cunth gieat preci-
sion, showing that the Universe was in perfect thermal deyiuim when recombina-
tion occurred. The Far Infra-Red Absolute SpectrometeRf&S3) instrument aboard
COBE (Cosmic Background Explorer, Smoot et al. 1992), waditht to compare the
CMB radiation spectrum to a Planck curve, and found a tentpeyaf 2.725-0.002
K (Mather et al. 1999).

In order for structures to form and evolve to what we see totltegye had to be den-
sity fluctuations in the Universe at those early stages ansl thhose inhomogeneities
should be imprinted in the CMB. The first detection of CMB fluations was an-
nounced by the COBE team. Theflirential Microwave Radiometers (DMR) instru-
ment measured a characteristic anisotropp\®&fT ~ 6 x 107 in its maps (Smoot
et al. 1992), on large angular scales. The CMB temperatureufitions are studied as
a function of angular scale, known as the angular power gp@actA scalar field on a

sphere can be expressed as a series of spherical harmonics,
AT
9 = ) amYin0.9) (1.1)

wheref and¢ are the usual spherical angles. Each valueaafrresponds to a particular
size scale ok 180°/¢. For a givery the power is (2 + 1)C,/4r, whereC, = (Jaml®).
The CMB angular power spectrum, in temperature TT, is ugugllen as the power

per logarithmic scale defined by

(ﬂ)z _ a1 (1.2)

T Jims 2n
¢ = 0 corresponds to the mean CMB temperature @rdl, the dipole, is dominated
by the motion of the Earth relative to the CMB. The polarisatof the microwave
radiation is due to the scattering by electrons of the quamle¥ = 2 component of
the CMB anisotropies. The linear polarisation of the CMBeasamposed in two com-
ponents: a gradient (E) and a curl (B) modes. The E mode was\diged by the
Degree Angular Scale Interferometer (DASI, Kovac et al.200ith a spectrum con-

sistent with theoretical predictions based on primordéalar adiabatic fluctuations.
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Figure 1.1: The WMAP 7-year Internal Linear Combination@)Lmap of the CMB
anisotropies. The linear scale is fror200 to 20QuK. Credit: NASA\WMAP Science
Team.

B modes are expected to arise from gravity waves from the tifmaflation, there-
fore their detection would be the next major discovery inncokbgy. Their intensity

is usually described in the form of a ratig the ratio between the tensor and scalar
perturbations. The BB mode power spectrum obtained byw¥hkinson Microwave
Anisotropy ProbgWMAP, Bennett et al. 2003) data is consistent with zerohvaih
upper limit onr of 0.36 (Larson et al. 2011). THelancksatellite should be able to
detect a tensor-to-scalar ratio»f0.1.

The best current map of the CMB anisotropies is provided ByWWHMAP satellite
after surveying the entire sky for 7 years and its shown in Eid. The resulting power
spectrum in Fig. 1.2 shows a main pealf at 200. This corresponds to angular scales
of ¢ ~ 180°/200 ~ 0°.9, where the CMB anisotropies are seen to dominate in Fig.
1.1. The CMB is a powerful tool in constraining cosmologicahstants and theories
about the evolution of the Universe. The best fit to the CMB @ospectra is given
by aACDM model (Hinshaw et al. 2009; Reichardt et al. 2009; Browal e2009) of
a flat universe dominated by a cosmological constant withlzatic and nearly scale-

invariant Gaussian fluctuations.
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Figure 1.2: The WMAP 7-year power spectrum of the CMB temfpugesanisotropies.
Credit: NASAWMAP Science Team.

However, measurements of the CMB have to be corrected fegfound emission
if the true cosmological information is the be extracted. Efbregrounds, all the
emission between us and the surface of last scatteringsagdly categorised as extra-

galactic and Galactic foregrounds.

1.1.1 Extra-Galactic CMB foregrounds

Extra-galactic foregrounds to the CMB are separated intatgources and the Sunyaev-
Zeldovich dtect.

Point sources are a dominant contamination of CMB obsematat small angu-
lar scales¢ =z 400. Once they are resolved by the telescope beam they nded to
accurately subtracted. At larger angular scales, the vaakg of faint radio sources
can also be an important contributor to the measured skyhtmégs. Radio source
counts at mm wavelengths down to the rms in CMB observatibnadreds of mJy)
are needed to account for the fluctuations in the number okwearces. The WMAP
survey generated a source catalogue complete to a 1 Jywimt,eas recent observa-
tions by Massardi et al. (2011) using the Australia TeleecGpmpact Array (ATCA)
at 20 GHz detect 5808 extragalactic sources with a flux lifidomJy. At frequencies

below~ 150- 200 GHz Active Galactic Nuclei dominate the point sourcelgagon,
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whereas at higher frequencies, where dust emission bedampestant, dusty galaxies
are the main sources (Planck Collaboration et al. 2011c).

The Sunyaev-Zeldovich (SZftect (Sunyaev & Zeldovich 1970) is the distortion
of the CMB spectrum due to the interaction of the CMB photoithk velativistic elec-
trons. The intra-cluster medium of dense clusters of gakuis highly ionised and
has temperatures as high as X0 The interaction of this gas with the much colder
CMB photons is through inverse Compton scattering, whiadpces a dference in
the incoming and scattered radiation, distorting the spett This diference is small,
of about 100- 1000 uK, and is seen as a cool region at frequencies smaller than
~ 220 GHz and a hot region at higher frequencies. At a frequehapout 220 GHz,
or 1 ~ 1 mm, the distorted and undistorted spectra have the samesity. The SZ
effect is proportional to the integrgﬂ neTdl along the line of sight, whem, and T,
are the electron density and temperature of the intra-@hggts. A further contribution
to the SZ &ect, is from the bulk motion of the cluster with respect to@MB. This is
called the kinetic SZféect, as opposed to the thermal SZeet described before. The

SZ contribution to the CMB fluctuations increases with npdte moment.

1.1.2 Dffuse Galactic foregrounds

The Galactic foregrounds are the modftidult to account for. They are usually char-
acterised in terms of a temperature spectral inglek « +#, which can vary with fre-
guency and sky position. Since they originate froffiedent processes in the Galaxy,

one needs to map them across the whole sky.

Free-free emission

The free-free radio continuum emission, or thermal brerakfiing, arises from the
acceleration of unbound charged particles in the ionzedagdsis described by the
radiation transfer equation. The interaction between tharged particles involves a

change in their direction, meaning acceleration and toeeethey radiate. Radiation
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in the radio is produced by distant encounters between theles, where Coulomb
forces are small and the particles are considered to camtrauvelling in a straight line.
A full calculation requires a sum over all directions, impparameters and velocities
and itis well described by Oster (1961). Since this is theaGad emission under study
in this thesis, it will be described in more detail in the n€xiapter.

The free-free emission is a principal foreground contamircd the CMB at fre-
guencies between 10 and 100 GHz. It becomes a major compoaanthe Galactic
plane where it is produced in the gas layer ionised by rashdtiom recently formed
stars. A true all-sky foreground template needs to incliidg lbw Galactic latitude
component if the CMB power spectrum is to be correctly evaldat low values of
angular scalé.

The spectral indeg of the free-free emission is a slowly varying function of-fre
guency and electron temperature (Bennett et al. 1992; Bscki et al. 2003). It can
lead to significant discrepancies in the predicted radicssion over a wide range of
frequencies if not accounted for. With a typical value of @®0for the electron tem-
perature of the gas, at 1.4 Gl8z -2.10 and at 33 GHp ~ -2.13.

Synchrotron emission

Synchrotron emission is the radiation produced when ket electrons are accel-
erated in magnetic fields. Their energy distribution is giby dNE) o« E~P, where
p is the spectral index (Longair 1994). fAise synchrotron emission originates from
the interaction of cosmic rays with the Galactic magnetildfibut localised regions
of synchrotron emission are also observed. These are m8unhernova Remnants
(SNRs) whose progenitors, Supernovae, are sources of coaynelectrons.

The surface brightnegsof the synchrotron radiation depends on the energy power

spectrum of the electrons and on the magnetic field inteiséy follows:
l, o B(P+1)/2),~(p-1)/2 (1.3)

(Longair 1994). The power law in the cosmic ray distributresults in a power law in
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the synchrotron emission, with a temperature spectrakiod@ = —(p + 3)/2. For a
typical spectral index of 2.5,8 is —2.75.

The synchrotron emission is linearly polarised on a plampgradicular to the mag-
netic field, with a polarisation fraction given by = (p+ 1)/(p + 7/3). Forp = 2.5,
IT = 0.72 (Longair 1994). However, the measured polarisation efgynchrotron
emission is not usually as high as the intrinsic polarisatd 72 per cent. This is
due to several factors: the presence of a random componém ofiagnetic field, dif-
ferent field alignments along the line of sight, depolaiain the observing beam
and Faraday rotation. Faraday rotation is the process bghthie polarisation angle
of radiation changes when passing through the partiallisemhinterstellar gas that is
permeated by the Galactic magnetic field (Spitzer 1998).rotegion angle) between
the direction of the incident radiation and the magneticfiitection is given byi’R,
whereA is in m andR, the Rotation Measure, is in rad f Faraday rotation increases
with decreasing frequency.

The synchrotron emission is well traced at low frequencied ia the dominant
CMB foreground fory < 1 GHz, with a spectral index 6f2.7 > g > —-3.2 (Davies

et al. 1996). It is stronger on the Galactic plane, with adargntribution from SNRs.

Thermal Vibrational Dust emission

Dust grains in the Galaxy are heated by the interstellaataat field (ISRF) absorbing
ultraviolet and optical radiation which is re-emitted iretimfrared via vibration of the
grains. The dust population is thought to be composed by Bagns (BGs), Very
Small grains (VSGs) and Polycyclic Aromatic HydrocarboR#lls). These three
populations are needed to fit the observed infrared emigMathis et al. 1977; Desert
et al. 1990; Draine & Li 2001; Zubko et al. 2004).

The BGs, about um in size, are in equilibrium with the ISRF and therefore a
temperaturelp is usually defined, associated with a modified blackbody tsyec
of the form1(v) « B,(Tp)*. Schlegel, Finkbeiner, & Davis (1998) use the COBE
Diffuse Infrared Background Experiment (DIRBE) data to find destperatures in
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the range 17 to 21 K, fitting the spectrum for th&ake interstellar medium (ISM) at
high latitude withg = 2. Recent results from tH@lancksatellite favour a spectral index
of 8 = 1.8 with a mean temperatuiie, = 17.9 for the local ISM (Planck Collaboration
et al. 2011a). The spectrum peaks at around afi0and so BGs are the main CMB
foreground contributor from 100 GHz to 800 GHz.

Emission from VSGs and PAHs is dominant at even higher freges, > 3000 GHz.
The VSGs spend most of the time at a low temperature, emgtinoggly when they ab-
sorb one single ultraviolet (UV) photon and are heated teargy to several hundreds
of degrees Kelvin. PAHS, first discovered by Gillett et aB{3), are a combination of
multiple aromatic hydrocarbons and their emission is catre¢ed in bands, from 3.3

to 11.3um.

Anomalous microwave emission

Recent observations have revealed an extra emission ca@npanl0- 60 GHz. The
first observation of this excess emission was made by Koalt €1996) using COBE
data and explained as free-free emission and thermal dussgBent observations by
Leitch et al. (1997) ruled out the free-free origin due to ek of Ha associated with
it and showed a correlation between the excess emission&GHz and infrared data
from thelnfrared Astronomical SatellitdRAS) at 10Qum. Possible explanations have
been suggested for the origin of this emission (Bennett &043; Draine & Lazarian
1999; Jones 2009) and the strong candidate is electricalgroission from spinning
dust grains (Draine & Lazarian 1998; Ali-Haimoud et al. 9D@hich is expected to
be correlated with far infra-red dust emission.

This electric dipole emission is due to the rapid rotatio’/&Gs. It is expected
to have a steep rise with frequengyx~ 3, peaking at about 20 30 GHz and falling
with a cut-df in the grain rotation at > 40 GHz. Spinning dust models have been
successfully used to fit observations both from Galactiectsj(Finkbeiner et al. 2002;
Watson et al. 2005; Davies et al. 2006; Scaife et al. 2009Jrana the external galaxy
NGC 6946 (Murphy et al. 2010; Scaife et al. 2010), showing @m@malous emission
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Figure 1.3: Spectrum of G160.26-18.62 in the Perseus miaglecloud, showing the
best fit model consisting of free-free, spinning dust andnta dust emission. The
dot-dashed and dotted lines are two components of the sgnist model (Dickinson
et al. 2003).

must be a common mechanism in the ISM. The most precise sigirthist spectra
measured to date have been recently obtainedmMéhck An example, for the Perseus
molecular region is given in Fig. 1.3. The higher frequenayt pf the spinning dust
spectrum is clearly measured for the first time, constrgmie contributions from the

various phases of the ISM (Planck Collaboration et al. 2011d

1.1.3 Component separation

The determination of the various Galactic foregrounds \mitiher accuracy is neces-
sary as CMB studies move to higher precision. Foregroundooorant separation is
based on template maps, which are maps of Galactic emisstioa frequencies where
each of the components is known to dominate. From there,@rspadex is derived
or assumed to extrapolate the emission to the CMB observaggéncies.

The 408 MHz map from Haslam et al. (1982) is used as the tempbatsyn-
chrotron emission, as it is the only all-sky map with adequatolution, 51 arcmin,
at a stficiently low frequency. The synchrotron spectral index iswn to vary with

frequency and sky position and a valuggof —3.0 is usually assumed to extrapolate
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Full-szky dusl correcled Halpha map

Figure 1.4: Full-sky ki map corrected for dust absorption, &tresolution. Grey
regions correspond to absorption greater than 1 magniigd&ifson et al. 2003).

the 408 MHz map to frequencies up to 90 GHz.

Thermal dust emission is well traced by the most sensitillesky map at 10Qum
from IRAS the Infrared Astronomical Satellite, at a resolution ofrérain. Using
IRASand COBE data Finkbeiner et al. (1999) derived a two-compbnedel for
dust emission from 200 to 2100 GHz that is described by answitigspectral index
of 8 = +1.7 at frequencies below 500 GHz. It takes account of the vanaif dust
temperature in the sky, by using the 10®/240um COBEDIRBE colour ratio. The
mean temperature of the low frequency component is 9.4 K. Hihkbeiner et al.
(1999) model is commonly used as the template for thermdletagsion.

The free-free template is derived fromatbbservations, which trace the same
ionised hydrogen gas as the RRLs and the underlying freedomtinuum (Chapter
2). A full-sky Ha map can be obtained from the combination of the northern dvisc
sin H Alpha Mapper (WHAM, Héner et al. 2003) and the Southern H Alpha All-Sky
Survey (SHASSA, Gaustad et al. 2001y Hurveys. However, in order to convert the
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Ha line intensity into free-free brightness temperature, dbsorption by interstellar
dust must be taken into account. This correction is sigmfiedintermediate and low
latitudes, where the dust concentration is higher. Diakmet al. (2003) have used the
Schlegel, Finkbeiner, & Davis (1998 dust map, derived from tHRASand DIRBE
100um all-sky surveys for a fixed temperature of 18.2 K, to corteetHx intensities
from the combination of the WHAM and SHASSA surveys. The lasishown in Fig.
1.4. At|b| < 5° the correction breaks down and accordingly the derivaedrtensity is
unreliable. In this region RRLs provide an alternative te tiptical Hr recombination
line, since their intensity is notiected by the heavy dust absorption along the Galactic
plane.

A free-free template that includes the Galactic plane iciatufor CMB obser-
vations of the whole sky. It helps to understand the otheaGal foregrounds, the
anomalous dust emission and the synchrotron. It is someshfiaiult to observe the
anomalous dust emission since its associated continuuss&miis mixed in with the
synchrotron and the free-free. Even so constraints can berpthe diferent models
for anomalous dust emission. Davies et al. (2006) use thplétes described above
to derive a spectral index gf = —2.85 for the favoured spinning dust model of the
anomalous dust emission in regions of high Galactic lagifdicom 23 to 41 GHz. The
relative contribution of the foreground components in suafions is shown in Fig.
1.5. It is seen that the minimum foreground contaminatioatis ~ 60 GHz, where

the free-free emission is a major contributor.

1.2 The Galaxy in Recombination Lines

RRLs are used in this work to estimate the free-free CMB faregd on the Galactic
plane, where  observations are of no use (Chapter 2). In this Section bdhice

RRLs and how they are used to observe and study the ionised thesGalaxy. | start
from Hu regions which are the strongest free-free emitting souaceshe Galactic

plane and lead on to theftlise gas.
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Figure 1.5: Galactic foreground temperature as a functicineguency. Blue repre-
sents synchrotrorB(= —3.1); green is the free-fregg(= —2.14); red is the vibrational
dust 8 = +1.7) and magenta is spinning dust emission. The thick blaeki$ithe com-

bination of all the foregrounds and the thin black line rejergs the CMB black-body
fluctuations (Davies et al. 2006).

1.2.1 Radio Recombination Lines from Hi regions

The possibility of detecting radio line transitions betwdgighly excited levels of
atoms in the ISM was first noted by van de Hulst (1945). Howdweoverestimated
the broadening of the lines, concluding that they would eveak to be detected.
The opposite conclusion was reached by Kardashev (1959)pvddicted that excited
hydrogen radio lines should be detectable inrdgions. This stimulated subsequent
experiments and theoretical investigations and the desyof such lines was reported
a few years after (Dravskikh & Dravskikh 1964; Sorochenko &r&ich 1965). The
first RRL detection by Sorochenko & Borozich (1965) was taygathe Omega nebula,
at 8872.5 MHz, the frequency of the hydrogen transition from91 to 90.

RRLs have been widely used in astrophysics, especially@seprof the physical
conditions of the line emitting plasma andilegions. From the observation of a
single transition, the electron temperature can be deterthby comparing the energy
radiated in the line to that in the underlying free-free aomim. This is one of the

most accurate methods to determine the electron temper@ir The central velocity
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of the line and its width give information about systematiotions of the gas and
turbulence, and can be used to derive the distance anddacatithe region under
study in the Galaxy. By comparing H and He lines, one can iiyat® the abundance
of single ionised helium from interstellar enrichment. Mover, RRLs trace the sites
of current star formation.

The radio recombination line-to-continuum ratio has beseduto obtain the vari-
ation of T¢ with Galactocentric radius (Downes et al. 1980; Shaver.et283; Wink
et al. 1983; Paladini et al. 2004)., increases with increasing Galactocentric radius
due to a gradient of metallic elements in the Galaxy. Metatd &lun regions through
radiation in spectral lines because they are excited bysgmtis with free electrons.
Thus, higher metallicity i regions are at a lower electron temperature. Since the star
formation rate is higher in the inner parts of the Galaxy,niegallicity decreases with
Galactocentric radius, meaning that the electron tempeyancreases. High angular
resolution RRL observations have also been used to Styshgriations within Hi re-
gions. TheT, of an Hi region depends on the UV field of the ionising star and the
distribution of gas around it, which determines the fractad UV light that escapes
the compact region to ionise the surroundinfiufie gas.

Hu regions are usually classified according to their physicaperties. Table 1.1
lists the typical values of the physical parameters afreigions and their classifica-
tion (Kurtz 2005). Several low angular resolution obseorat have shown that com-
pact and ultracompactitHregions (UCHi) are surrounded by low-density ionised gas
(Mezger et al. 1967; Koo et al. 1996; Kurtz et al. 1999). Thgspdal relationship
between the compact and extended components is still unclea possible expla-
nations are an intrinsically density-structured mediuna diynamical evolution of the
ionised gas, or even the combination of the two. The smalidrdenser regions are
generally still embedded in the natal molecular cloud, tniy observable at infrared
and radio frequencies (Wood & Churchwell 1989; Walsh et 8B& Hanson et al.
2002).

At the spatial resolution of 15 arcmin of the present study, the free-free emission
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Table 1.1: Physical parameters off Fegions (Kurtz 2005).

Class of Size Density Emis. Meas. lonized Mass
Region (pc)  (cm®)  (pccnT®) (Mo)
Hypercompact <0.03 > 1C° > 109 ~ 1073
Ultracompact < 0.1 >10* > 10 ~ 1072
Compact <05 25x10° > 10 ~1
Classical ~ 10 ~ 100 ~ 107 ~10°

Giant ~100 ~30 ~5x10° 10° - 1¢°
Supergiant >100 ~10 ~10° 10° - 108

is mostly dominated by low density, extended tdgions, thus the emission is optically
thin at 1.4 GHz (Chapter 2). However, this may not apply tolihightest Hr regions,

that usually have UCHcounterparts.

1.2.2 Observations of the Extended lonised Medium in the Gak-
tic plane

RRLs have been detected not only in individual teégions but also towards positions
away from Hi regions. The first observations of thigldise ionised gas by Gottesman
& Gordon (1970) detected a distinct HibBignal from three directions in the first
guadrant of the Galactic plane. In the subsequent yeathgiupbservations indicated
that the physical conditions of thisftlise RRL emitting gas are the same as expected
from extended, low-density iHregions rather than from cold( 800 K), partially
ionised gas, as originally suggested by Cesarsky & Cesdiskgl). Analysis of the
H11Qx line away from discrete Hregions by Shaver (1976) gave average electron
densities between 5 and 10 ciin agreement with the results from Matthews et al.
(1973), that gave: Ne >= 2 to 10 cn® and< T >= 6000+ 1000 K.

Supporting evidence of these results came from locatingliffiese RRL emission
in the Galaxy. Observations of the Hlbline along the Galactic plane frofi= 9°4 to
80°.6 by Gordon & Cato (1972), along with H1&6ine measurements by Hart & Ped-
lar (1976) and Lockman (1976) covering the longitude rang@ 3 ¢ < 50°, showed
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a spatial correlation between thdfdse gas and the discreta Fegions. Furthermore,
they showed that the fluse RRL emitting gas is not connected with the HI, suggesting
that this emission arises from the vicinity ofildegions rather than in a cold, partially
ionised component of the ISM.

Mezger (1978) suggested that the 80% of the O stars that Mé&z§enith (1976)
found not to be located within iHregions could form extended regions of what he
called "extended, low-density” (ELD) fully ionised gas. ldstimated typical values
of 7000 K and 3 cm? for electron temperature and density, respectively. This w
confirmed by H272 line observations by Anantharamaiah (1985a,b) at 325 MHz.
These low frequency line measurements showed that the naairopthe detected
diffuse emission comes from the low-density, outer envelopébiagégions. Fig. 1.6
is a longitude-velocity diagram that illustrates the résighowing that the locations of
the discrete H regions (points) are in general the same as those of thecii§use
gas (contours and lines). The observations gave electrositikes of 1 to 10 cr?,
electron temperatures between 3000 and 8000 K, emissiosuresain the range 500
to 3000 cmi*pc and sizes of 30 to 300 pc. Heiles, Reach, & Koo (1996b) teddRRL
emission from 418 positions along the Galactic plaihe Q° to 60°) and confirmed that
emission coming from the extended low-density warm ionisegtlium (ELDWIM,
following Petuchowski & Bennett 1993) located in the Galaerms has an average
T of 7000 K and\, of 5 cnT2 and occupies- 1% of the volume.

The origin of Hi regions with low densities and surface brightness is priytihie
combination of a few possible mechanisms. The expansiomimipact Hi regions
can lead to lower electron densities and emission measAremntharamaiah 1986;
Lockman et al. 1996). The evolution ofiHegions from the giant molecular clouds
by means of stellar winds from the hot star, can disperse ¢lteans around it or
isolated Hi regions, leaving UV radiation available to ionise largezas of the ISM
(Churchwell & Walmsley 1975). Cosmic rays from supernovagginally thought to
be the only source of large-scale ionisation (Pikelner 1Spitzer & Tomasko 1968;

Field et al. 1969; Hjellming et al. 1969), are also a posstbletributor.
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Figure 1.6: Longitude-velocity diagram of the 2vfhorizontal lines), H16& (con-
tours) and H110 (points) RRLs. The horizontal lines, that represent thé-paiver
width of the 272 lines and the dots, that locate the kegions observed by Downes
et al. (1980), are superposed on ther diagram from Lockman (1976). From Anan-
tharamaiah (1986).

1.2.3 The large-scale ionised gas in the Galaxy

The difuse ionised gas is only observed in RRLs at low Galactiaid#s, which give
a thin layer of difuse gas with a scale height ranging from 36 pc (Gordon et @R2)19
to 100 pc (Hart & Pedlar 1976; Mezger 1978; Anantharamaiad6),9whereas the
optical recombination line & has detected the ionised component up to much higher
latitudes. On the plane and in some high latitude regionsh s1$ the Gould’s Belt
system, strong interstellar absorption makesfiiclilt to interpret the kK data.

The WHAM survey, the most sensitivedtsurvey to date, reveals that thexHne

detected in nearly all directions of the sky with a pervadaiat background,, >
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0.1 R (1 R or Rayleigh is defined as ®/@r photons slcm?sr! = 241 x 10’ erg
stecm2sr! = 2.25 cnt®pc for T, = 8000 K). This difuse ionised gas is thought to
extend to heights above the Galactic plane considerablyehithan the ionised gas
along the plane observed with RRLs. It consists of regionwarim (1¢ K), low-
density (0.1 cm?®), nearly fully ionised hydrogen that occupy approximat20fo of
the volume within a 2 kpc thick layer about the Galactic méf@ (Reynolds 1991,
Nordgren et al. 1992; Taylor & Cordes 1993; fifeer et al. 1999). There is a consider-
able interest in the relationship between the narroffude ionised distribution with a
scale height ot ~ 100 pc with the thick component with~ 1000 pc (Gaensler et al.
2008). Issues of concern are the clumpiness (filling factbl scale height and the
electron temperature as well as the transport of ionisidgateon from the hot stars in

the narrow to the broad distribution.

1.3 Thesis goals

In this Chapter | have discussed the importance of obtaiaifigl-sky free-free tem-
plate for CMB foreground subtraction and discuss how RRLs loa used for this
purpose. The main goal of this thesis is to provide a map ofrtefree emission on
the Galactic plane using RRLs to complement the high latitdel observations. This
map is derived in the present work for the regton 20° to 44 and|b| < 4°, at 1.4 GHz
and 14.8 arcmin resolution, using the Parkes All-Sky Survey (HIPASS) and associ-
ated Zone of Avoidance (ZOA) Survey. This is the first fullyrggled measurement of
the free-free emission along the Galactic plane uncontat@thby synchrotron emis-
sion. The fact that line and continuum data are availabla fite HIPAS&ZOA survey
make this a unique dataset for which the electron temperafithe difuse ionised gas
and Hi regions can be determined as a function of Galactocenttiasalt also allows

a synchrotron map to be derived from théfeience between the total continuum and
the free-free for the first time. The velocity informationtbeé RRLs is used to map the

distribution of the difuse ionised emission in tie- V plane and hence a distribution
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in the Galactic disk.

The outline of the thesis is as follows: in Chapter 2 | pregbattheory of radio
continuum and line emission from ionised regions. Chaptgiv8s a description of
the HIPASS data. Chapter 4 presents the first results fronmttial analysis of the
datacube centred &= 40°, which was a major part of this work. In Chapter 5 the
improved RRL data analysis pipeline is introduced alondnlie final maps of RRL
integrated emission for the three zones under study, atatré = 40°, £ = 32° and
¢ = 20°. It also compares the results from the upgraded pipelinethé initial pipeline
used in Chapter 4. The final free-free map is presented in ©h&palong with its
applications for Galactic and CMB science. Finally, Chaftgives the conclusions

of this work and a look towards the future of this project.

44 DIFFUSE RRL EMISSION ON THE GALACTIC PLANE



Radio Continuum and Line Emission

from Hm regions

Radio recombination lines are used to identifyddgions because they occur in ionised
plasmas, when the electrons combine with protons and bebooned. The electron
is in a high state of energy and it can immediately jump to aelolgvel (giving rise
to a resonance line) or it can cascade downwards level t¢ éswiting energy in a
series of lines, known as recombination lines. Well knowdrbgen recombination
lines are Hr and HB, transitions from principal quantum numbers: 3to 2 andch = 4
to 2, respectively, both in the optical. For higher levehs#ions,n > 40, the line will
be in the radio domain. At such high energy levels, the radfube electron’s orbit
becomes large and thus the electron “sees” the nucleus astanmss. Therefore, for
all atomic species, the recombination line spectrum is dgenic, with the frequency
of the transitions given by:

v = Zszc(é -~ m) (2.1)
wherev is in GHz,Z is the nuclear charge of the ion of specksRy is the Rydberg
constant for specieX andc is the speed of lightRy is given byRy = 10.97373(1+
me/Mx)~%, for a nucleus mas#y and electron mass.. A transition for a given

speciesX from leveln+ Anto leveln is denotedXnAn. An = 1 transitions are called
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Table 2.1: Properties of other atomic species relevant tb 8&#ervations. The veloc-
ity offsets from hydrogen are listed in the last column (Roelfsen@zo&s 1992).

Species Mass  Firstionisation potential Abund&nc&/x — V4

(amu) (eV) km st
Hi 1.0078 13.6 1 0
Her 4.0026 24.6 0.1 122.1
Ct 12.0000 11.4 X% 104 149.5
Mgr 23.9850 7.6 % 10° 156.3
Sir 27.9769 8.2 % 10° 157.3
St 37.9721 10.3 % 10° 158.0
z° oo 163.2

8solar abundance by number, relative to H (Lang 1974)
bz is used for all elements heavier than Sulfur

lines,An = 2 areg lines,An = 3 arevy lines, etc. For example, H166s the hydrogen
transition from level 167 to 166. From equation (2.1) it folls that the separation
of the lines of diterent atomic species are independent of the quantum tewvahen
expressed in terms of radial velocity. Table 2.1 shows aetablthe velocity shifts
relative to hydrogen, for a number of ions (from Roelfsema 8s61992).

The first detection of helium RRLs, Hel®b6Hel58 and Hel58, was reported
by Lilley et al. (1966b) towards the Omega nebula. A year]da®ldberg & Dupree
(1967) identified a line, which had been detected by Palmar €1967) at a frequency
slightly higher than the He1@9 as radiation coming from the excited carbon C409
line. There are other elements, apart from those in Tablevdth an ionisation po-
tential below 13.6 eV, but they are even less abundant thngCSi and S, thus they
are expected to produce very weak RRL emission. Also, theedsmg separation of
the lines in velocity space, makes it impossible to distislgioetween the lines from
different high mass species. Figure 2.1 shows the 5p&ctrum of NRAO 608 where
the carbon RRL appears to be blended with emission from Bealéements (Onello &
Phillips 1995).
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Figure 2.1: 168 recombination line spectrum of NRAO 608 (G48@®0) showing
emission from H, He, C and heavier elements (Onello & PHllif95).

2.1 Transfer Equation, Continuum radiation and the

Ha Line

2.1.1 Transfer equation

In order to quantitatively understand how radiation trawerough a medium, we first
consider loss and gain mechanisms disregarding the atomeegses. The macro-
scopic theory that describes the propagation of radiatioouigh a gas cloud is given

by the Equation of Transfer:
dl,
e
which shows that the change in specific intensjtin a slab of material of thickness

—Kkyly + |y (2.2)

dswill change along the line of sight if radiation is absorbedemitted. «, and j,,
the absorption and emission d¢heients, respectively, describe the physical processes
occurring in the medium. The optical depth is defined as
S
7,(9) = f kvds (2.3)
So
wheres is the distance that the radiation travels toward the olesdrom the most

distant part of the clouds,. In Local Thermodynamic Equilibrium (LTE), when the ra-
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diation is in equilibrium with its surroundings, the brigless distribution is described
by the Planck functionB,(Te). Hence, whenll,/ds= 0

lv = Bv(Te) = jv/Kv (24)

where the ratioj, /«, is called the "source function”, usually symbolised 8y j, =
k,B,(Te) and is called the Kirchh®'s law.
Using equations (2.3) and (2.4) in the integration of th@gfar equation (2.2),

l,(s) then becomes
7(9)
1,(s) = 1,(0)e ™ + f B,(Te)e"dr (2.5)
0

where,(0) is the background emission being attenuated by the gasicl If the

medium is isothermal this equation can be computed exiglicgsulting in
1,() = 1,(0)e™O + B,(Te)(1 — e™O). (2.6)

In the radio regimehy < KT, the Planck function can be approximated®yT,) =
2kT.1?/c2, the Rayleigh-Jeans approximation. In practice in radtcoasmy, the in-
tensity of radiation is measured in units of temperature,ltfightness temperature
Tp. This is the temperature which would result in the givennstty if inserted into
the Rayleigh-Jeans law, = 2kT,/c?. Therefore, equation (2.5) can be computed as
follows

To(S) = Tp(0)e ™ + T(1 - e™0) (2.7)

again, for an isothermal medium. This result can be everméursimplified if the
background radiation is ignored. Two limiting cases aremftonsidered:
optically thin,r < 1,
Tp = Ter, (2.8)

and optically thicky > 1,
Tp = Te. (2.9)
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2.1.2 Continuum Thermal radiation

The continuum radiation underlying RRLs innHegions is the free-free emission,
from unbound charged patrticles. The absorptiorfitcient for continuum radiation is
difficult to calculate, as noted by Oster (1961), who derives aression valid for the

Rayleigh-Jeans domain as follows

NeN; 87265 \ (nV/?\ (mP/?
) oo

where N, and N; are the densities of electrons and ions, respectivelyg > is the

velocity-averaged Gaunt factor, that comprises all thenseby which the quantum
mechanical expressionsfllir from the classical ones. The evaluation of the Gaunt
factor has been refined over the years. Hummer (1988) givagae Gaunt factors
(to 0.7 per cent), for a range of frequencies and tempemiture

Altenhof et al. (1960) suggested a simple approximation for the aitisor codfi-

cient, given by
_ 0.0823MNN;
ke = y21T135

(2.11)
whereyv is in units of GHz,Ng in cm™3, Te in K and «¢c in pct. The error in this
approximation is of the order a few per cent at low frequesiclaut it increases to
5 - 20 per cent for frequencies above 10 GHz.

It is common to use the formalism introduced by Mezger & Hegade (1967),
that relates the optical depths derived by Oster (1961) atehAdt et al. (1960).

They introduce the facta(T, v) as follows
_ 1c(Oster)
7c(AMWW)

This factor can be computed for relevant frequencies angéeatures, it is of the order

= 0.36621, T;%%° x [In(4.995x 107%vg},,) + L5In(Te)].  (2.12)

unity, and is convenient because it produces a simple faruulthe free-free optical
depth,
7c = 8.235x 1072aT, My 2L EM) (2.13)

where EM is the emission measure, defined as

2
EM = f No(S)N(s)ds= f (':;1(53) d(p—sc) (2.14)
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where it was assumed thidf(s) = Ne(s), which should be reasonable due to the large
abundance of hydrogen and helium.
Finally, following the result in equation (2.8), the freeé continuum brightness

temperature in LTE for an optically thin medium can be wnttes
Tc = 8.235x 1072aT, %L (1 + 0.08)(EM). (2.15)

The factor (1+ 0.08), where 8 is a typical value for the ratibl(He")/N(H™"), ac-
counts for the contribution from the fraction of helium a®mll of which are assumed

to be singly ionised.

2.1.3 Hx emission from ionised hydrogen

EM is an important quantity to obtain in order to determine fiee-free emission via
equation (2.15). The same ionised hydrogen that produeegsattio continuum also
generates bl emission. Both optical and radio emission are function$efdlectron
temperaturd ¢ and depend on EM. The intensity of the lifecombination line depends
on whether the emitting medium is optically thin in all lineggase A) or if it is optically
thick to the Lyman continuum photons (case B). In t¢gions and nebulae studied
using Hy, it is believed that case B applies (Osterbrock 1989). Basddr data from
Hummer & Storey (1987), Valls-Gabaud (1998) gives an adeueapression for the

Ha intensity in units of erg cm2sr?, for case B:
|(Ha) = 9.41x 10°8T,101710°0029T4(EM) (2.16)

whereT, is the electron temperature in units of*I0 and EM is in cm®pc. Using the
previous expression for thedHline intensity along with equation (2.15), Dickinson

et al. (2003) obtained the relationship between free-frekHy emission as follows

T
|_C = 8.396x 10%av T 607107929 4(1 + 0.08) (2.17)

Ha
whereTc is in uK and Iy, is in Rayleighs (R). Dickinson et al. (2003) also correct
the equation for the Gaunt factor (Oster 1961) in Valls-Gabg 998) to explain the
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difference between their results on the/ I, relation. Assuming an electron temper-
ature of 7000 K, it follows that the free-free brightness pemature per unit Rayleigh
at 1.4 GHz is 3.87 mK.

RRLs are emitted under the same conditions as the optiedind, thus provide an

independent measure of EM. They will be treated in more tietéhe next sections.

2.2 The intensity of radio recombination lines

When line radiation is considered, the macroscopic pararset and j, presented in
Section 2.1.1 must be related to the atomic properties afemaktccording to Einstein
(1916), there are three ftierent processes occurring in the formation of an atomic
spectral line that contribute to the intendlifypassing through a slab of material. These
are spontaneous emission, stimulated emission and almsgrpich of which with

an associated probability of occurring given by the EimstadficientsA;;, B,; and
B.,, respectively. Each system making a transition from |ldeeto E; contributes
the energyhvg distributed over the full solid angler4 The absorption and emission

codficients are then given by:

hVo

Ky = T(NlBlz — N2Ba1)e(v) (2.18)
and
i h
b= %NzAzlfP(V) (2.19)
n

whereN, is the number of atoms having the electron in the principalnqum staten

ande(v) is the line profile functionN, is given by the Boltzmann distribution

N2 Do02 ok
T2 282tk 2.20
N;, bios ( )

whereg is the statistical weight of the quantum stateb,, the departure cdgicient
from LTE, is the ratio of the actual number of atoms havingelextrons in leveh to
the number which would be there if the population were in LTBus, by definition,

in LTE the departure cdicient is equal to 1.
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The three Einstein cdéicients are related by the equations

01B12 = 02B21 (2.21)
and
87rhv8
A21 = (}9’ le. (222)

Replacing these two expressions in equation (2.18), esult

c? 02 b, hvo
Ky = WaNlAﬂ [1 " b, eXp(_k_Te)] e(v). (2.23)

The Einstein coicients can also be related to the oscillator strength, a uneas

the transition’s strength, by

mc® g
— = LA 2.24
12 8v(2)712 € 21 ( )
where fy, is the absorption oscillator strength, afid = —f1,0:/0, is the emission

oscillator strength. Oscillator strengths for quantumelsvappropriate to hydrogen
RRLs have been tabulated by Goldwire (1968) and by Menz&@QLMenzel (1968)

gives the useful approximation

An) (2.25)

fp~ nlMAn(l + 1520
Ny

whereM,, = 0.1907750.0263320.0081056 forAn = 1, 2 and 3, respectively.

2.2.1 RRL intensity under LTE conditions

Some considerations can be made to compute the absorptfficiemt for a given
hydrogen recombination line in LTE. The Einstein ffagent A, for hydrogen has
been determined by manyftirent authors. The correspondence principle states that
the theory of quantum mechanics reproduces classical ghysithe limit of large
guantum numbers. It is therefore possible to use the classectric dipole oscillator,
one of the simplest sources for electromagnetic radiatiorcalculate the transition

probability. The result, for a hydrogenline and for the limit at large, is given by

128°me® 1  5.36x 10° ol

Ancan = 3n6c3 5 n5

(2.26)
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The Saha-Boltzmann equation gives the number of atoms Meétttrens in the

principal quantum state as follows

h2 32 Xn
N, = nZ(zﬂka) exte N; Ne (2.27)
e
where
hy
Xn = hvo — yn = n—2° (2.28)

Finally, a Gaussian line profile, of widthv, is assumed fap(v). Noting that in the
radio range exp{,/kTe) = 1 and 1- exp(~hvn,1.n/KTe) = hvn,1n/KTe, USing equations
(2.23) and (2.3) results in the following expression for gpgical depth in the centre
of the line

7 = 1.92x 10°T;>2(Av) " H(EM) (2.29)

for ana transition.Te is in K, Av in KHz and EM, as defined in (2.14), is in pc ¢
Therefore, ifry < 1, the peak line brightness temperature is obtained by isutsst

ing equation (2.29) into equation (2.8) which becomes
T = 1.92x 10°T¥2(Av) H(EM) (2.30)

(Rohlfs & Wilson 2000).

2.2.2 RRL intensity when LTE conditions do not apply

The term LTE describes a situation in which the energy exgbdetween the radiative
and kinetic energy domains of the gas is fiiceent that a single parameter, tempera-
ture, describes exactly the characteristics of both domaiihe departure céigcients
were introduced by Goldberg (1968) after noting that thetakion temperaturd ¢,
that describes the relative population of the bound quaméweis was not the same as
the temperature of the ionised gas in the neflarhe correct form of the Boltzmann
distribution in equation (2.20) is the result of

e KT = D0 it (2.31)
bn—l
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Figure 2.2: The population factdy, and the slope functioﬂ%, foraAn = 1 tran-

sition, plotted against the quantum numbéor hydrogen gas with dierent electron
densitied\, at the fixed electron temperature of*I0 (Sejnowski & Hjellming 1969).
The full and dotted lines represent the exact and the appabe solutions for the

collisional-transition probabilities, respectively.

Equation 2.23 can be written as

Ky, = K,bnS (2.32)
where
B kTedInb,
B = (1 0 dn ) (2.33)

is the departure cadicientg for aAn = 1 transition (Brocklehurst & Seaton 1972) and

«; is the absorption cdicient for LTE.
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The departure cdicientsb, andg, have been calculated for a broad range of den-
sities and temperatures, as found in Kgions and also in the cold partially ionised
gas, by many authors (Seaton 1964; Sejnowski & Hjellming9l ®ocklehurst &
Salem 1977; Salem & Brocklehurst 1979; Walmsley 1990; $t&&lummer 1995).
Fig. 2.2 illustrates the behaviour &f, and g, as a function of principal quantum
number for various densities (Sejnowski & Hjellming 196B).represents a weaken-
ing factor due to the depletion of the level population aali for absorption and
describes the enhancement of the stimulated emission $ecduhe enhanced pop-
ulation gradient across the principal quantum levels. Ed@ shows that in a dense
medium, where collision rates dominate the level poputetiadhe departure cée
cients will be close to unity. On the other hand, in a tenuoesliom, the radiative
processes dominate, thlisno longer accurately characterises the relative populatio
of the bound levels and the departure fi@eents are below 1.

The departure cdicientb, can only have values between 0 and 1,/oan difer
from 1 and even become negative. This means the absorptefiicent is negative,
thus maser amplification occurs. From equation (2.19), thisgon coéicient can be
written in non-LTE asj, = jiby, sinceN, = byN:. And, according to Kirchhid’s law,

Iy = k;B,(Te). Therefore, the emission cfieient becomes
jv = K::anv(Te)- (234)

The intensity at some frequency within the RRL is the sum af ilithe underlying
continuum (¢) and that from the linel() and can be written as= 1, + Ic = S(1 -
e 'c~™), The source functio® is given byS = nB,(Te), with

ke + & by
= — 2.
g ke + K bpB (2.35)

using the line absorption and emission fiméents from equations (2.32) and (2.34).
For an isothermal and homogeneous slab of material thiseavritten in terms of the

brightness temperature as follows,

TL+Tc=nTe(l-€™™) (2.36)
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and the ratidl /T¢ is found to be

T au@-n/2-7/2)
Te | 7c(1-1c/2)

1 (2.37)

expanding the exponential and retaining the quadraticgénm: andr,_. Noting that
under LTE condition®, = 1,8 = 1, thusp = 1, the influence of non-LTEfEects on
the line intensity can be written as

T 1

— =bfl-= : 2.38
<o 5 (239
The first term of the last expression accounts for non-LTE formation &ects, while
the second term describes non-LTE transfées, that is, maser amplification in the

line intensity.

2.2.3 Line-to-continuum ratio

Equations (2.30) and (2.15) can be used to obtain the liretdinuum ratio under the
following conditions: the H region is homogeneous and isothermal; the medium is
optically thin|r, + 7¢| < 1; the lines can be treated as formed and transferred in LTE.
This results in

_ 6.985x10° .,

T s 1
LAy = 22 - 2.39
Te a(Te,v) ' 717008 (2.39)

whereAV is the line width in km st and T, in K. The factorsa and (1+ 0.08) are

defined in equations (2.12) and (2.15), respectively. lbfes$ that, under these special
conditions,T, /T¢ « v!1. From the line temperature equation (2.3D),« v~1, so the
amplitude of the RRL decreases with frequency. Thereforeneled difuse objects
should be observed at low frequencies in order to maxirhiseHowever, it must be

at a frequency above the turnover frequency, the frequenefpizh rc = 1, otherwise
the source becomes optically thick and no line is detectduiks last condition comes
from the fact that ifrc > 1, optically thick thermal radiation approaches black body
radiation where no lines are emitted. On the other hand, $eive compact kregions
that are optically thick even at a few GHz and are unresoluwethb telescope, the

highest possible frequency maximisigsleavingT, /Tc unchanged.
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At frequencies near 1 GHz, and for a typical RRL width of 25 krhand electron
temperature of 10K, the line temperature is approximately 1 per cent of theeund
lying free-free continuum. For a nominal brightness terapge of 5- 10 K for the
thermal ridge on the Galactic plane at this frequency, tladpRL temperature will be
50— 100 mK and correspondingly less if the emission is spread @\&ger velocity
range due to Galactic fierential rotation, for example.

The above equation for the line-to-continuum ratio shovas ifithe RRL tempera-
ture and width are measured, then the corresponding cantitightness temperature

can be determined. Equation (2.39) can be written in the form
Tc = 4.289% 107°a(Te, v) THv (1 + 0.08) f Todv (2.40)

to give the free-free brightness temperature at a giveruaqy, using an appropriate
value for the electron temperature.

If, on the other hand, the continuum emissitsicoming from a source is known,
equation (2.39) can be used to calculate the electron textyser If the source is

optically thin, homogeneous and isothermal and under LTl tmns

6.985x 10° ,, 1 Te\[Y*°
- AV)H = : 2.41
aTy) 13008V (TL) (2.41)

*

e —

Non-LTE dfects are accounted for using equation (2.38), resulting in

1/115
Te=T; [b (1 - E,BTC)] : (2.42)

2.3 The profile of radio recombination lines

In the Section (2.2.1) a Gaussian was adopted to descridenéhshape. This is be-
cause the basic line profile for a homogeneous clump of gaiseés dpy the Doppler
broadening caused by thermal motions, which is Gaussiaalifiés have an intrinsic
width due to the finite length of the emitted wave train andwheation of its ampli-

tude over the emission time, but this is found to be very snoatler of 104 km s,

compared to other types of broadening as described below.
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2.3.1 Doppler broadening

Doppler broadening is caused by the thermal motions in tlsewgach is described
by the Maxwell-Boltzmann velocity distribution. This gséhe number of atoms with
velocity components betweafy andV, + dV, along the line of sight, as

M
N(V,)dVy = N me—wf/?”dvx (2.43)

whereN is the total number of atoms contributing photons to thednéM is the mass
of the atoms of that species. Using the classical Dopplendida,v = vo(1-Vy/C), and
assuming that the total intensityof the line is proportional to the number of emitters

N, the Doppler-broadened line profile is then

o(v) = 3 In(2) a4 In@)-v0)2/ar? (2.44)

Av n
wherev is the rest frequency of the line anal the Doppler Full-Width at Half Maxi-
mum (FWHM) in Hz. Av is obtained by equating the exponential arguments of equa-

tions (2.43) and (2.44), resulting in
1/2
A, = (4 In(Z)%) Yo (2.45)

where the mas$/ is in units of amu and is in K (Gordon & Sorochenko 2009).
For a typical Hi region of temperature 8000 K, equation (2.45) gives a lingdthvof

19 km s, which is a constant in units of velocity becausé = (c/v)Av.

2.3.2 Turbulence broadening

Turbulence broadening is caused by cells of gas moving altidiog with each other,
within the radio telescope beam. The velocity distributidrthese packets of gas is
also Gaussian, so the observed width of the RRL is the cotiwalof two Gaussian
profiles and is given by

1/2

2KT ) (2.46)

Ay = [4 In(Z)(V + V2
whereV,, in km s, is also called microturbulence velocity (Gordon & Soracke
2009).

58 DIFFUSE RRL EMISSION ON THE GALACTIC PLANE



2.3: THE PROFILE OF RADIO RECOMBINATION LINES

2.3.3 Stark broadening

The most important mechanism for broadening RRLs is thekSféect, also known
as pressure broadening, because of its strong dependetice electron density. The
electrons in the high level orbits of atoms collide with i@l other electrons which
makes the energy levels become smeared and less discrete.

The first observations of RRLs did not show the broadeningetqal from the the-
ory (Hoglund & Mezger 1965; Lilley et al. 1966a; Griem 1967Wiyaeven after new the-
oretical considerations the agreement with experimenisanose when it was shown
that density inhomogeneities within a nebula decreasettmk 8fect (Brocklehurst &
Seaton 1972; Lockman & Brown 1975).

Stark broadening redistributes the energy in the line odarger frequency inter-
val, resulting in a Voigt profile, which is the combination®aussian and Lorentzian
profiles. Therefore, the Stark broadenirfteget in a line can be characterised by the ra-
tio between the Lorentz and Gaussian portion of the spectBrotklehurst & Seaton
(1972) derive this ratio, for an line, as

ool () (wee) eo

where,Av, andAv are the widths of the Lorentzian and Gaussian profiles, esedy,
Tp is the Doppler temperature (responsible for the Gaussiafilgincluding micro-
turbulence) andM is the mass of the species. Equation (2.47) shows the imuata
of Stark broadening with principal quantum number, or fregey. ForT, = 10* K,
Tp = 2x10* K andN, = 10° cm ~3, the previous result givesy, /Ay = 0.14 if n = 100
andAv,/Av = 20 if n = 150. So, for a given densiti there is a maximum quan-
tum numbemn,, for which an RRL is detectable, which means that for a highsdgn
cloud, lines withn > n,,Will be broadened. Therefore, lines of highndicate gas of

low density, whereas high density gas can only be detectéalioy lines.
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2.4 Observations of Hi Regions

2.4.1 Distribution of Hu Regions in the Galaxy

The rotational velocity of the Galaxy changes as a functib@alactocentric radius,
creating a variation of radial velocity with distance alotig line of sight through
the Galactic plane. This makes it possible to locate anrétjion based upon the
radial velocity from its RRL. The measured velocity is usyakpressed in the Local
Standard of Rest (LSR) frame which is based on the mean mofttars in the vicinity
of the Sun. There is however, a distance ambiguity for sigéslwithin|f| < 90°. This
is because an arbitrary line of sight through the plane o&akaxy for|¢| < 90° crosses
two points that lie at the same distance from the Galactitreeand, hence, have the
same radial velocity. These two points lie affeient distances from the Sun, usually
called near and far distances. The only positions with aumigcation at a given
velocity are the so called "tangent” points, the points vettbe line of sight is tangent
to a Galactocentric circle. The distance ambiguity can eEayme by using additional
information such as absorption lines, elevation above theq etc.

Many RRL surveys have been carried out to map the distributioHn regions
in the Galaxy. Reifenstein et al. (1970) and Wilson et al.7%ound 82 and 130
Hu regions in the H10& line, in the northern and southern hemisphere, respeytivel
resolving the distance ambiguity for some of the sourcesveéver, the spiral structure
of the Galaxy was not entirely mapped because most of thesbyeere located in
the inner Galaxy. Georgelin & Georgelin (1976) used the eigydrom both surveys
along with Hx radial velocities (Georgelin 1975) to construct a spirald@loof the
Galaxy. Later, Taylor & Cordes (1993) used this model anduied the results from
the surveys of i regions by Downes et al. (1980) and Caswell & Haynes (1987). A
revised version of the 2D distribution ofiHegions in the Galaxy is given by Paladini
et al. (2004), based on the Paladini et al. (2003) catalogmpided from several RRL
surveys, and it is shown in Fig. 2.3. The figure shows that thedgions are located

along the asymmetrical spiral arms.
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Figure 2.3: Galactic spiral arms outlined intHegions (Paladini et al. 2004). The
Perseus, Sagittarius and Scutum arms are labelled in the5B8gHi1 regions from the
Paladini et al. (2003) catalogue are shown based on thd apinamodel by Taylor &
Cordes (1993).

The two extensive surveys by Lockman (1989) in the northkyresid Caswell &
Haynes (1987) in the south, detected 462 and 3i@ddions, respectively, at wave-
lengths from 3 to 9 cm. Lockman (1990) used these resultsrieadidir region surface
brightness density as a function of Galactocentric radauspmpare with the CO emis-
sivity expressed as an equivalent surface density of mt@e¢ydrogen (Bronfman
et al. 1988). He found that the radial distribution of theface density of k regions
is double peaked in the rangedR < 6 kpc, increasing from the centre to a maximum
and then decreasing toward the outer boundary of the Gassxwell as that it fol-
lows very closely the distribution of molecular hydrogerhieh was expected as both

components are related to star-formation activity.

MARTA ALVES 61



2: RADIO CONTINUUM AND LINE EMISSION FROMIFREGIONS

2.4.2 Helium and Carbon RRLs

Figure 2.4 shows a simplified picture of the main componehisnoHi region and
the possible locations of theftBrent RRL emitting regions. A basiciHegion is the
result of the ionisation of the gas surrounding a young stiarsize, the Stromgren
radius Ry, depends on the ionising radiation and the density of the tfahe ion-
ising radiation has photons with wavelengths shorter tHed?5 then a He region is
formed with a radius Re, which can be smaller or larger thap Rdlepending primarily
upon the ionising spectrum of the central star. Photonsatetncapable of ionising
hydrogen g > 912A), will escape the hregion and ionise other atomic species in the
neutral gas, such as carbon, magnesium or sulfur (creatpmgidissociation region,
PDR). These regions are located outside theaéfjion and can also be ionised by the
interstellar radiation field (IRF). They form an interfacetWwveen the H region and the
surrounding molecular cloud, thus have temperatures afdtendred degrees K. Also
illustrated in Fig. 2.4 is the Hregion, where the hydrogen is only partially ionised.
This is thought to be caused by the leakage of soft X-ray pisotmm the Hi region
(Pankonin et al. 1977; Krugel & Tenorio-Tagle 1978) or by iieraction of a weak
shock front with the neutral material (Hill 1977).°Hine emission was first detected
by Ball et al. (1970).

The first helium RRL detection was towards the Omega Nebul&ilgy et al.
(1966b). The velocity separation of the H and He lines waspghedicted by theory
(see Table 2.1) and the integrated intensity ratig'l was found to be A0 + 0.05.
Since then, He RRLs have been used to determine the abunaolfaincésed helium in
the Galaxy, which can in principle be used to separate timeqydial helium abundance
from the interstellar enrichment due to galactic evolutitman Hi region the "true”
helium abundance is given lgy= y°+y* +y*™*, the sum of the relative number densities
of neutral, singly and doubly ionised helium. Churchwelb&t(1974) found for 39
Galactic Hi regions 006 < y* < 0.10 and derive an upper limit for'* of 0.008, thus

this contribution is usually ignored. They also suggesttthe relative abundance of
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Figure 2.4: A schematic representation of an k¢gion and its main components
(Roelfsema & Goss 1992). The H and He ionised regions arewuded by a par-

tially ionised medium of hydrogen, carbon and heavier elasé¢hat form an interface

between the Hregion and the molecular cloud.

helium in the Galaxy to bg = 0.1. Shaver et al. (1983) combined radio and optical
observations of H regions to derivg" = 0.074+ 0.003. The diference betweeypand
y*, which is what RRL measurements provide, is attributed éonbn-coincidence of
the He and H zones in the H region. Correcting for thatféect, Osterbrock (1989)
found the results of Shaver et al. (1983) to be consisterit thi¢ helium abundance
of 0.1. Heiles et al. (1996a) derives, for 3ikegions, slightly lower values for the
ionised helium abundance as compared to previous resutis.can be explained by
"geometric défects” (Mezger & Smith 1976): larger beam sizes weight theolgss
dense parts of theiregion, where the Hezone has disappeared. Heiles et al. (1996a)
also find an upper limit for thg* in the difuse ionised medium of 0.013.

Lines at roughly the expected velocity of carbon RRLs werst fitetected by
Palmer et al. (1967) towards tharlegions Orion B and W3, in the 1@%ransition.
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Figure 2.5: The 158 spectrum of the H region M17 (Omega nebula), where the
hydrogen, helium and carbon lines are visible (Pankonir. ai947).

Even though the line intensities were greater than predibte carbon abundance,
Goldberg & Dupree (1967) confirmed the detection as @1®es. Additional ob-
servations suggested that the carbon lines originatedeirotiter layers of molecular
clouds at the boundaries ofuiHegions (Balick et al. 1974; Zuckerman & Ball 1974;
Dupree 1974) (Fig. 2.4). The measured narrow line widthaisk from NGC2024,
Ball et al. 1970) required lower gas temperature and alsodtial velocities of Qa
lines agreed well with lines from the cold ISM rather thamfrthe Hha. The observ-
able characteristics of anQegion depend on a combination of: the spectral type of
the star; the relative location of thenHlegion, the G and the observer; the distance
of the source from the observer; the abundance of the atoaniioo; the density of
the neutral cloud (Pankonin et al. 1977). The combinatioallothese factors makes
it difficult to predict the carbon RRL intensity or even its veloahyft relative to the

H line. A typical width for a carbon line from arOregion which is associated with an
Hu region is~ 6 km s (Pankonin et al. 1977) and typical values of electron temper
ature and density in therQegion areT, ~ 100 K andN, ~ 3 to 30 cn® (Gordon &
Sorochenko 2009). Fig. 2.5 shows the spectrum of M17 witiHh®&8», He158 and
C158 lines.
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2.5 Derived physical parameters of the ionised medium

2.5.1 Electron temperature

RRLs provide the simplest and most precise method of detengnihe electron tem-
perature of an H region, by means of the line-to-continuum ratio. Early olsagons
of a line transitions from k regions, gave low values with an average of 5800 K
(Mezger & Henderson 1967), compared to the results frontapline measurements
which gave an average of 10000 K. Soon it was noted that tbeetetemperature cal-
culation is subject to complications, namely due to non-icbaditions and the Stark
effect (see Sections 2.2.3 and 2.3.3).

From equation (2.42) it follows that, ignoring the masieet, if the RRL is formed
under non-LTE conditions the derived electron temperaisiag equation (2.41) for
the LTE formalism is an underestimation of the true tempegatas found in the early
RRL measurements. However, there are frequencies whereetiesd temperature
using equation (2.41) is correct. Shaver (1980a) examimedatioT; /T, whereT; is
the electron temperature in LTE (Section 2.2.3), as a fonabf frequency and emis-
sion measure EM. The calculations assumed an excitaticaneer for the central
starU = 100 pc cm?, which corresponds to an early O-star, and a typical filligyér
f of 0.1. The electron density is related to EM andy EM = 2UN2/£2/3, The results

show that there is a unique frequency at whigh= Te, given by
v ~ 0.081EM*36. (2.48)

The accuracy of the electron temperature calculated frorh RBasurements at this
optimal frequency is claimed to be-23 per cent (Shaver 1980a). The reasonTipto

be very close td is that, in general, there is a frequency at which in arrégion the
collision rates populating the levels become dominant tiverradiative rates, where
the line amplification is justfiiset by the line weakening due to the underpopulation of
the quantum levels themselves, thus eliminating ffexes of the departures from LTE.

Using equation (2.48), it follows that at a frequency of 1 GiHe derived electron
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temperature is essentially equal to its LTE value, for EM.O® pc cnt®. This value
of EM is representative of classicalitiegions, which is what we expect to observe in
this survey.

The calculation of electron temperature af Kegions using RRL observations en-
abled the detection of a gradientTn as a function of Galactocentric radiuRd) by
Churchwell & Walmsley (1975). The Galactocentric radiusaof Hi region is cal-
culated using the rotation cun@(Rs), assuming that the object moves around the
Galactic centre in a circular orbit with radial veloci¥, An object at longitudé has

rotation velocity given by:

® = (Rs/Ro)(®o + V/sin(()) (2.49)

whereR, and®, are the Galactocentric distance and radius of the Sun, cogply
(Verschuur & Kellermann 1988). The Galactic rotation cunrged in this work is from
Fich et al. (1989):

0 = (2216 - 0.44Rs) kms™ (2.50)

with Ry = 8.5 kpc and®, = 220 km s?, the IAU-recommended values for the Galac-
tocentric distance and rotation velocity of the Sun, retpely (Kerr & Lynden-Bell
1986).

Using a sample of 67 iHregions Shaver et al. (1983) obtained the following rela-

tion betweenl. andRg
Te = (3150+ 110)+ (433+ 40)Rg (2.51)

whereTe is in K, R in kpc. Shaver et al. (1983) used the Schmidt (1965) rotation
curve with the local radiuBy = 10 kpc. The temperature gradient is shown in Fig. 2.6.
Shaver et al. (1983) suggested the gradient to be causeddmsesgonding gradient of
metallic elements, as described in Section 1.2.1, basedsonikar trend observed in
the normalised abundances of oxygen and nitrog@,add NH. The scatter at a fixed

distance from the Galactic centre is due to reéiledlences in the electron temperature
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Figure 2.6: Electron temperatures ofilegions against Galactocentric radius. The
horizontal arrows at the upper right represent N66 and 3GBwas in the Magellanic
Cloud (Shaver et al. 1983).

of each region, in addition to measurement errors, asddions difer in density and
radiation field from the exciting star.
Paladini et al. (2004) used the published data for 4edrégions with reliable

Galactocentric distances and found
Te = (4166+ 124)+ (314+ 20)R: (2.52)

using equation (2.50) argy = 8.5 kpc. This result is in general agreement with the
result from Shaver et al., anyftikrences may be due to the larger number of fainter
Hu regions in the Paladini et al. sample.

The above relationships can be applied to derive likely eslof the electron tem-
perature for the Galactic spiral arms in the first quadrarabld 2.2 summarises the
Te values from equations (2.51) and (2.52) for the near and &actocentric radii of
the Local, Sagittarius and Scutum spiral arms. These raglidarived from the spiral
pattern for Hr regions given in Paladini et al. (2004}, ranges from 6700 K for the
Local arm to 5500 K for the Scutum arm.

The metal abundance responsible for cooling of the¢tjions and the fiuse gas
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Table 2.2: Electron temperatures from equations (2.51)(ari®) for the mean, near
and far galactocentric radii of the line of sight intersentith the Local, Sagittarius
and Scutum arms.

Arm Rhear Rar  Rmean Te(K) Te (K)
(kpc) (kpc) (kpc) (Shaver) (Paladini)
Local 8.5 7.5 8.0 6610 6680
Sagittarius 6.5 6.0 6.25 5860 6130
Scutum 5.0 5.0 5.0 5310 5740

is expected to be the same, since both components are tedalpatially (Section
1.2.2). The main dierence would be thefiective temperature of the radiation field
which would be lower for the diiuse gas, arguing for a lowdr,. However the dif-
fuse warm ionised medium (WIM) is found to be2000 K warmer than traditional
Hu regions (Reynolds et al. 2001). Direct measurements ofsamdines of interme-
diate latitude by Reynolds (1985) gave the first estimaténefelectron temperature
for the WIM, with a mean o~ 8000 K. More recently, Madsen et al. (2006) using
Ha data from WHAM reinforce the general assertion that the Wéarmer and less
ionised compared to classicaliblegions. They find temperatures between 7000 and
10000 K. This diference in electron temperature between tliige gas and the indi-
vidual Hi regions may require spectral processing of the stellaatamh (e.g. harden-
ing of the radiation field, Wood & Mathis 2004) afod an additional heating beyond
photoionisation (e.g. magnetic reconnection, cosmic,alystoelectric emission from

small grains, Reynolds et al. 1999).

2.5.2 Line Widths

The measured RRL width is usually made up of major contrimgifrom the thermal
Doppler broadening and turbulent motiondVZ, = AV3 + AVZ. A narrow RRL

is evidence that the iHregion has a lower electron temperature. Lockman (1989)
detected 11 H regions withAV < 14.7 km s, which corresponds td, < 4600 K.

"Cool” nebulae are not very commonly detected, so Shavef§l8uggested that along

68 DIFFUSE RRL EMISSION ON THE GALACTIC PLANE



2.5: DERIVED PHYSICAL PARAMETERS OF THE IONISED MEDIUM

with low emission measures, making these sources faintan&alactic continuum,
they must have higher metal abundances to explain the lostretetemperature. A
very broad line can be either explained by broadening duegddk &ffects, but also
by the contribution of emission from unrelated regions dfedent velocities, within
the beam. The Starkffect becomes important for high density gas observed atrigh
transitions, and can be identified by the non-Gaussian shfape line.

Lockman et al. (1996) detected 13Gfdse Galactic H regions, with an antenna
beam size of 9 arcmin, for which the typical line width wasrduo be 25 km &,
with most of the nebulae having 18 AV < 35 km s?!. These results are similar to
those found by Lockman (1989) and Caswell & Haynes (1987Jikurete Hi regions.
The fact that the expected Doppler line width for a gas at ptature of 8000 K is-

19 km st (Section 2.3.1) means that turbulence, with a typical viglog ~ 16 km s,

is a significant broadeningfect, comparable to the thermal broadening. Caswell &
Haynes (1987) derive, = 18.6 km s1, with no dependence on Galactocentric radius,
in contrast toVp, which can depend oRg since it is proportional to the electron

temperature.

2.5.3 Observations of non-LTE #fects at 1.4 GHz

Non-LTE dfects are highly dependent on the density of the region (@e&i2.2), as
well as the Stark féect (Section 2.3.3). Shaver (1980b) pointed out that thegoree
of density variations explains not only the absence of §icant observable pressure
broadening, but also the attenuation of the stimulated ®oms Therefore, the RRL
observations can be treated using the LTE formalism.

Cersosimo & Magnani (1990) measured the ratia for 13 Hu regions, using the
H159% and H20@ RRLs, at 1.62 GHz with a telescope beam size of 2.9 arcmin. The
ratio allows the investigation of non-LTHfects with~ 0.28 as the expected value in
LTE. Even though observing at the optimal frequency présctiby Shaver (1980a),

the observed ratios vary from source to source, indicatiatjthe generalised interpre-

MARTA ALVES 69



2: RADIO CONTINUUM AND LINE EMISSION FROMIFREGIONS

tation of the non-dependence on the electron density anpdeature is not adequate.
For 5 sources the measured ratio is lower than the LTE valdenarpressure broad-
ening is observed, meaning that non-LTiEeets are responsible for the line intensities
and no clumping of the Hregion can explain the low ratios caused by stimulated
emission. This shows how uncertain non-LTiEeets are at these frequencies.
Nevertheless, the sanséa ratio study at 1.62 GHz of two ffuse ionised regions
with a 18 arcmin beam, led Cersosimo & Onello (1991) to cotelthat the observed
LTE intensity ratio of the lines can arise from an inhomogareionised nebula with
a low-density component. The model that explains the LTBsas composed of a
classical Hi region of electron density 100 cthand 5 pc diameter, embedded in a
low-density Ne < 1 cnT3) envelope 40 times bigger. This is likely to be the case of
our observations, with a beam ef 15 arcmin, thus the bulk of what is observed is
close to LTE.
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Hi Parkes All-Sky Survey Data

3.1 The H Parkes All-Sky Survey and the H Zone of
Avoidance Survey

The sensitive multibeam survey for RRL emission describvethis work is a by-
product of the HIPASS survey (Staveley-Smith et al. 1996he &im was to detect
Hr-emitting galaxies in the local Universe using a bandwidti®4 MHz centred on
1394.5 MHz corresponding to redshifted velocities-@280 and 12700 knts. Within
this velocity range there is also Galactic &#d high-velocity cloud (HVC) emission
at near-Galactic velocities. In addition, there are thre¢aGtic RRLs, H166, H16 7
and H16&.

HIPASS is the largest blind Hsurvey, covering 71% of the sky south of declina-
tion +25°5. This survey enabled the investigation of thenivhss function of galaxies
(Kilborn et al. 1999; Zwaan et al. 2003), the discovery of rgalaxies and generation
of catalogues (Meyer et al. 2004; Wong et al. 2006) as wehasliscovery of a lead-
ing arm to the Magellanic stream (Putman et al. 1998). HIPA&Salso provided a
new view of the Galactic HVC distribution in the southern gRutman et al. 2002).

Its resolution, full spatial sampling and sensitivity raled a large population of com-

'Excluding surveys of local Hn our Galaxy.
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pact high-velocity cloud (CHVC) and provided clues to theucls’ origins (Putman &
Gibson 1999; Putman et al. 2002).

Of particular interest for the study of the necessarily w&dRL emission from
the Galactic plane is the ZOA survey associated with HIPAS&Weley-Smith et al.
1998). This searched for galaxies behind the Galactic phatiea factor of 5 longer
integration time than HIPASS, therefore resulting in a mseasitive survey, with an
rms noise of 6 mJpeam compared with 13 m@beam for HIPASS. The ZOA survey
covers the Galactic plane accessible from Parkes, 196" — 0° — 52° and|b| < 5°.
An analysis of the shallow survey data for the southern ZOA 212 — 36°) led to
the detection of 110 galaxies, 67 of which were previouslgnmvn (Henning et al.
2000). Using the northern extension dafa=(36° — 52° and/ = 196" — 212) at the
full survey sensitivity, Donley et al. (2005) detected 7Tagées, only 20 of which have
been previously detected inH

Both HIPASS and ZOA surveys use the 21-cm multibeam recsixg&em installed
on the Parkes 64-m telescope. The multibeam specificatr@hswvey parameters are

described in the following sections.

3.1.1 The multibeam receiver

The Parkes multibeam system consists of a 13 beam receigde digital correlator.
The circular beams are set on a hexagonal grid as shown irBRigThe 26 receivers
(two per feed horn) are sensitive to orthogonal linear psédions in the frequency
range 127-1.47 GHz. The correlator (Canaris 1993) uses a 1024-lag chipeovides
128x 10° samples per second from an input signal within the 64 MHz taattth, for
all 26 receivers. For HIPAS3OA the frequency coverage is from 1362.5 to 1426.5
MHz centred on 1394.5 MHz in 1024 channels spaced by 62.5 KH3.@ km s for
the H line (Staveley-Smith et al. 1996).

A radio telescope beam solid angle is usually divided intannieeam and side-

lobes. The quality of the antenna as a direction measurivigeldepends on how well
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Figure 3.1: The multibeam receiver configuration on the skige radii of the inner
and outer rings of beams is 29.1 and 50.8 arcmin, respegiiBairnes et al. 2001).

the power pattern is concentrated in the main beam and is d¢iyethe main beam
efficiency, or simply beamf&ciency,ng, defined as

Qme

5. (3.1)

nB =

whereQys andQa are the main beam solid angle and beam solid angle, resplgctiv
A typical parabolic reflector antenna, like the Parkes 64xas, a main beantlciency
of 70%, so a sidelobe contribution of 30%. It can be modifiedofarabolic antennas
by a choice of feed systems which provide the appropriabenithation of the dish.
For unblocked apertures the main beafiiceency improves to 90%, so the sidelobe
contribution decreases to 10%. Consequently, the obsaeigedl may originate from
the main beam or may be picked up by the sidelobes of the aatdime main sidelobes
are the result of reflections from the feed legs that carryptime focus cabin and
reflections at the rim of the telescope.

Figures 3.2 and 3.3 show the computed and measured radgttern of beams
1 and 9 and beams 1, 2 and 8, respectively. Fig. 3.2 (b) shauwsathal elongation,

or coma distortion, of beam 9, 14 dB below the peak value. Thises thefgciency
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Figure 3.2: Theoretical radiation pattern of beams (a) 1 @)®. Contours are ev-
ery 3 dB and the peak values ofl.59 and-2.23 dB, respectively, are relative to a
uniformly illuminated aperture (Staveley-Smith et al. 639

of the outer beams to go down by 10% in relation to the central beam, shown in
Fig. 3.2 (a) (Staveley-Smith et al. 1996). Fig. 3.3 displ#ys antenna response
pattern within a radius of 6for beams 1, 2 and 8 (Kalberla et al. 2010), where the
resulting six-fold symmetry from the three feed legs isbfisi Fig. 3.3 also shows
that the coma lobe increases in strength with feffided and that sidelobe structure
becomes more asymmetric and has a more pronounced ringthgnereasing feed

offset. Furthermore, azimuthal asymmetries in the antenrntarpatue to the feed

74 DIFFUSE RRL EMISSION ON THE GALACTIC PLANE



3.1: THE H PARKES ALL-SKY SURVEY AND THEZDNE OF AVOIDANCE
SURVEY

Figure 3.3: Measured antenna patterns within a radius &drdbeam 1, 2 and 8, from
top to bottom. The levels are betweeB0 dB (white) and-50 dB (black) (Kalberla

et al. 2010).
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Table 3.1: The HIPASS multibeam receiver specifications.

Parameter Beam1l Beams2to7 Beams 8 to 13
Average system temperaturefK) 21 21 21

FWHM beamwidth (arcmin) 14.0 14.1 14.5
FWHM ellipticity (radial) 0.00 0.03 0.06
Efficiency (Jy K1) 1.36 1.45 1.72
Average system temperature (Jy) 29 30 36
Average Cal temperature (Jy) 1.6 1.8 2.0
Coma lobe none -17dB -14dB

aSystem temperature at an elevation of 3Bhere it reaches a minimum. At
extreme elevations (3@Gnd 90) temperatures are about 2 K higher. Temperatures
measured at a frequency of 1394.5 MHz over a bandwith of 64 MHz

offsets decrease on average with increasing distance fromaimebeam.
Measurements of the widths of the beams give full widths Htdwaver of 14.0 ar-
cmin for the central beam, 14.1 arcmin for the beams in therinng with an ellipticity
of 0.03 and 14.5 arcmin for the beams in the outer ring withlhptieity of 0.06. The
mean observing beamwidth is 14.4 arcmin and the typicalratipa of the beams pro-
jected on the sky is 30 arcmin, just over two beamwidths. &&1 summarises the

receiver specificatiors

3.1.2 Scanning strategy and data acquisition
HIPASS scanning

HIPASS observations are taken by scanning the telescoelmdtion strips of 8length.
As a result of data being acquired while the telescope isrsognthe beam is slightly
extended in the scan direction t0.Z4 The footprint of the receiver on the sky~sl°.7,
thus each scan maps an area ©k&8°7. Prior to each scan, the feed is rotated by the
parallactic angle at the scan mid-point, plus anothér titbobtain approximately uni-
form coverage of the sky. To obtain full coverage at full stwisy the scans are made

in sets of 5 (also known as the 'a’ through ’e’ scans) sepdrhte7 arcmin in right

LAvailable on the Multibeam website httpwww.atnf.csiro.agfresearctmultibeani.overview.htmi
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Figure 3.4: HIPASS scan pattern on the sky, for axx® field, as described in the
text. The arrows indicate the direction of each scan and tted fican density for a
single beam is shown by the dot-dashed lines (Barnes et@l)20

ascension, which ensures that the sky is mapped at close téytuist rate (Section
3.2.2),4/2D = 5.7 arcmin, byeachof the 13 beams. A total of 15 sets covers ar &
field, as shown in Fig. 3.4.

Observations of a given part of the sky were made at well+sépd times so that
interference, if present, did not corrupt all data for thagction. The scan rate is per
minute and the integration time is 450 s per beam, which teguk noise per channel

of ~ 13 mJybeam.

ZOA scanning

The ZOA survey was scanned in Galactic coordinates, aldngtrdps of constant
Galactic latitude, separated by 1.4 arcmin. Similarly t°A$S, the 25 scans within
a 35 arcmin set are know as the 'a’ through 'y’ scans. At thepuindt of each scan,
the feed is rotated by 25with respect to the scan direction. Each field is scanned
425 times, corresponding to 17 sets of scans, thus thedatitoverage of the ZOA

survey is|b| < 5°. The total integration time is 2100 s per beam for rms per nkhn
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Figure 3.5: The ZOA scans projected on the southern celestya Each cube is
numbered with its central Galactic longitude and the red lalné lines represent the
scans. Image available at hffeww.atnf.csiro.afresearcfmultibeanireleasg

of 6 mJybeam. The ZOA survey resulted in 27 @) x 10° (b) x 1024 channel dat-
acubes, shown in Fig. 3.5, projected on the southern caleg&ly. From this figure it is
evident that the HIPASS scans in declination will cross taéa@&ic plane, and thus the
ZOA scans at a @lierent angle in each ZOA field. Fig. 3.6 shows one HIPASS and one
ZOA scan for the fields ZOA-040 and ZOA-304, respectivelyPA$S scans, in red,
change from being 45 inclined in relation to the Galactic plane for the ZOA-040
zone, to almost perpendicular@aE 340. The significance of this will be discussed in
Section 5.1.4.

The multibeam correlator cycle is 5 s and spectra are writbereach beam and
polarisation at the end of each cycle. There are two polaoisaper beam (A and B),
SO a total of 26 spectra are written each cycle, each with th2#nels. With a scan

rate of T per minute, the 8scan length is- 100 cycles, thus a single scan contains
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Figure 3.6: Comparison between ZOA and HIPASS scans, fofigdas on the Galac-
tic plane. Each line represents the track of one individearb in that scan and each
dot represents one integration from that beam. The changegle between ZOA and
HIPASS scans, due to the inclination of the Galactic plameyident.

~ 2600 spectra. Each scan is written as one file and files are chaoeording to
their date and time of acquisition, as well as their positionthe sky. HIPASS file
names contain the right ascension and declination of thellsiaf the scan, whereas
ZOA file names have the central Galactic longitude and ld¢itand are of the form
year—month-day.time_{¢entra— beenra-NUmber&repetitiothpf. For example the ZOA
file 2000-10-15.0757.040-02162905phpf is the scan that covers 3& ¢ < 44°
centred ab = 2°.1629.
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3.2 HIPASS data reduction

Spectra generated by the multibeam correlator are dondrgtehe system bandpass
spectrum, plus noise whose amplitude depends inverselyh@rsquare root of the
integration time and channel bandwidth. Othéieets such as baseline ripple, non-
linearities in the receiver and amplifier system, as wellggeral ringing due to strong
Hr Galactic emission, can also contaminate the spectra.

The bandpass spectrum reflects the system temperatureh vghac sum of the
sky, ground and receiver temperatures, multiplied by treelpct of the filters in the
receiver chain. The bandpasstdrs for all 26 feeds of the multibeam, since there are
26 separate pathways through independent receivers, feargldown converters and
correlators, and also varies in time because of externaignfies such as atmospheric
conditions. Therefore, one of the main tasks of the dataatsolu is the bandpass
removal.

Baseline ripple may be reduced but is not eliminated by timelpass correction. It
is caused by single or multiple reflections of radiation frstmong continuum sources,
such as the Galactic plane and the Sun, spillover radiatmm the ground as well
as from stray radiationfdthe telescope structure, including the focus cabin, its sup
port legs and the imperfections in the dish. Standing waeseldp from reflections
between the various parts of the telescope structure anifesathemselves as a si-
nusoidal ripple in the spectral baseline. Their behaviod different contributions
will be characterised in the next chapter (Section 4.1.4)e main reflection path in
the Parkes telescope, from the receiver to the dish centtdack to the receiver, is
52 m, or twice the focal length. This corresponds a sine wéyeeood 5.7 MHz in
the spectrum. The Sun is the most common cause of ripfilgtang a large fraction
of day-time acquired data. The other predominant cause offlab baselines after
bandpass removal is spectral ringing associated with @aldc emission. It is, nev-
ertheless, possible to suppress the ringing or at leastesitlby spectrally smoothing

the data. Another baseline distortion seen in the spectiaesto bandedgeftects.
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Spectra taken near strong continuum sources show a gradeahrflux towards the
lower frequency end of the band, that depends on the stresfgtine source. This
means that the Multibeam receiver response to strong aamtinsources is a noise
spectrum whose amplitude is increased at lower frequencies

The Multibeam data reduction software, originally desyne perform real time
data manipulation, consists of two packagesEpara and GripziLLa. The first was
designed to remove the system bandpass spectrum, to talibearesidual spectrum
and remove any remaining baselin@set, to suppress strong ringinffects, shift the
resultant spectrum from the observing topocentric frame fized frame of reference
and finally, crioziLLa grids the spectra into datacubes. The actual algorithmd use
in this work difer from what was used to reduce HIPASS déta, whose detailed
explanation is given in Barnes et al. (2001). The followirgtgns describe some
aspects of the standard HIPASS spectral processing thaelaweant for the present

work.

3.2.1 Bandpass removal and data calibration

The bandpass estimation and removal for the standard HIP&&@&tion, which was
designed to image discrete sburces, is optimised for compact sources. Due to the ac-
tive scanning of the telescope, the traditional sigre&rence bandpass removal is not
possible. In this mode, a reference spectrum towards aiposiee of line or contin-
uum emission is acquired and removed from the target possji@ctrum by division.
For HIPASS spectra bandpass correction is done by dividiagarget spectrum by an
estimate of the bandpass, which consists of a set of eanldéo@ater spectra observed
by the same feed of the multibeam. The bandpass estimaterepussent the under-
lying spectral shape as well as the spectral shape of theveeseground pick-up and
sky radiation and is generated channel-by-channel, fdr baam and polarisation.
Data calibration is done simultaneously with bandpass wafand uses the sys-

tem temperature recorded for every spectrum written by tiveetator. The system
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temperature, in Jy, indicates the total power measureddygdirelator for each cycle
and is calibrated against a calibrator diode, which is st switched in and out of
the signal path. The calibration diode is occasionallybrated against an extragalac-
tic radio source of known amplitude, e.g., 1934-638 (14.atJ¥420 MHz) or Hydra
A (40.6 Jy at 1395 MHz).

Figure 3.7 shows the raw and the bandpass-corrected ahdatatl spectra for two
different positions on the sky, from one HIPASS: +6° scan, at RA 19'7M41.52%,
Fig. 3.7 (a) shows the system temperaturg in Jy) across the scan for the central
beam and polarisation A. The total power measured by theledar increases from 35
to almost 60 Jy as the beam passes through the Galactic pldieraugh a continuum
source a¥ = 41°. The raw spectrum for that positiort, ) = (41°0, —-0°4), is shown
in Fig. 3.7 (b). Fig. 3.7 (c), on the other hand, shows the tspetfor the first
integration of beam 1, at the beginning of the scan, wiigygs at its minimum. Both
spectra illustrate the system’s bandpass shape and respireach position, as well
as the strong GalacticiHine (channek 100). Figs. 3.7 (d) and (e) are the spectra for
the same positions after bandpass correction and cabbra®esidual baselindtects
are still present in the spectra. Spectrum (d) from a strangicuum source G41.1-
0.4, shows a gradual rise in flux towards higher channel nusnff@ver frequencies)
as well as sinusoidal ripple and ringing, as opposed to gpacte), that shows a flat

baseline only contaminated by Hinging.

Brightness temperature conversion

The data are calibrated in Jy and presented jheBm in the final datacube. Staveley-
Smith et al. (2003) established the conversion factor 0.8y Ky observations of S9
(Ty, = 85 K, Williams 1973), a standard line calibration region. isTts the result

obtained using the Rayleigh-Jeans relation:

S 2kTpQ
/12

(3.2)
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Figure 3.7: System temperature (a) and spectra fromytee +6° HIPASS scan at
RA= 19'741.52, for beam 1 and polarisation A. The riseTgsats ~ 7° is caused
by the continuum source af,p) = (41°.0,-0°4). The two middle figures show the
raw spectra for integrations 65 (b) and 1 (c), or declinai@i01 and 166, respec-
tively. The lower figures show the corresponding spectrardfdandpass correction and
calibration.
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whereQ is the solid angle for a gaussian beam of FWHM 14.4 arcmineafréquency
of the H line. At the frequency of the central RRL in the band, Ha6the conversion
factor for the same beam size is 0.84JK This is the main beam scale, appropriate

for point sources and it will be further discussed in Chapter

3.2.2 Spectral smoothing

Spectral ringing due to the strong Galacticlide is probably the easiest cause of non-
flat baselines to correct, by smoothing the spectrum. Thioirse prior to bandpass
correction. Spectral ringing is caused by the sidelobekeénspectral response of the
system, which spreads strong Galactic emission and strarrgwm band interference
thoughout the nearby spectrum. The spectral response djitaldiorrelator is the
result of multiplying the autocorrelation function of theput signal by a lag window.
In the Fourier domain, the lag window of the multibeam catet is nearly constant,

thus it can be described, to a first order, by the rectangulation
1 for|r] < ™
wW(r) = (3.3)
0 otherwise

with a frequency response given by
W(v) = 2tsinc(dry) (3.4)

wherer, is the width of the lag window. The spectral resolution of #utocorrelation
spectrometer)v, can be defined as the half-width\&f(v):

Ay = 209 (3.5)

Tm

From the Nyquist's sampling theorem, the width of the lagdaw is

"~ 2AB

whereNy is the number of lags, 1024, anB is the bandwidth, 64 MHz (Rohlfs &

(3.6)

Tm

Wilson 2000). Therefore, the spectral resolution is foumte

AB
Av =121— (3.7)
No
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or 1.21 times the channel width, 13.2 knt,swvhich means that the unsmoothed spectra
have a resolution of 16 knts

In the presence of strong narrow lines, this spectral respoauses strong ringing
that decays roughly as* (or 1/2r,,), wherenis the number of channels away from the
narrow line. A standard procedure to suppress the ringffegeis to apply a dierent

filter, of the form

[tl—f7m
Tm(1-1)

1+ %cos(n ) for frm <|t| < Tm

W(r) = (3.8)

1 for|r| < frm

where 1- f is the fraction of the lag spectrum that is tapered, or thie whtthe tapered
section to the constant section. Fok 1, the rectangular window is recovered from

equation (3.8) and fof = 0 it becomes the Hanning filter

cos (%) for|r] < tm

Wh(7) = (3.9)
0 otherwise
for which the frequency response is
Wi () = | SINC(r) + ——2T_ine(2ovry) (3.10)
and the corresponding frequency resolution is
Avy = 1 = ZA—B. (3.11)
Tm No

Therefore, the frequency resolution of Hanning smootheztsp is 26.4 km g or
40% less than using the window given by equation (3.3). Nbedss, the sidelobes
are dfectively suppressed, decayingras, with the first sidelobe at.8% of the peak,
whereas for (3.3) it is at 22% (Rohlfs & Wilson 2000).

If only a part of the lag spectrum is tapered, controlled by parameterf, the
sidelobe level is higher but the frequency resolution is késgraded compared to the
Hanning window. HIPASS spectra are smoothed using the TRkegfilter, for which
1- f = 0.25. The Tukey filter can be regarded as a convolution of a edsibe of

width f Np/2 with a rectangle window of width (2 f/2)N,. The sidelobes still decay
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Figure 3.8: Filter functions in the lag domain. Note the mnal difference between
the Hanning and TukeyHanning filters.

asn~3, but the first sidelobe is at 20% of the peak. However, thetspleesolution is
only degraded by 15% compared to the rectangular windowefbee, the resolution
of the Tukey smoothed spectra is 18 km,r 1.36 times the channel spacing.

The Tukey and Hanning filter functions can be combined, rpligil in the lag do-
main, to produce TukeyHanning smoothed spectra. The corresponding frequeney res
olution is 205 times the channel spacing, thus 27 kifer the HIPASS 13.2 kms chan-
nel width. The combination of the two filters is dominated hg Hanning window,
therefore the resolution is not muchff@rent fromAvy (3.11). If, on the other hand,
the Tukey filter is combined with itself, then the final spattesolution is 20 km 3.

Figures 3.8 and 3.9 show thefigirent window functions in the lag domain and
how the ringing caused by the Galactic lithe is suppressed by applying each filter.
Spectral smoothing of the data is important due to the prayiof one of the RRLs,
H166z, to the H line.

3.2.3 Velocity tracking and residual baseline removal

After spectral smoothing and bandpass remauakpara performs the velocity frame

conversion. HIPASS observations are made in topocentrdemthus the observing
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Figure 3.9: Suppression of the ringing in the unsmoothedtspe (top), caused by
Galactic H emission, by spectral smoothing using the Tukey (middl@) ldanning

filters (bottom).
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frequencies for each channel are fixed throughout the sumueypara currently ap-
plies the correction by scaling the reference frequencydrahnel increment by the
Doppler factor and then shifting the spectra by a fractioa ohannel to make the ref-
erence frequency an integral multiple of the original crelrapacing. Apart from the
Barycentric frame conversion, used for extragalacticistsidivepara also converts to
the Kinematic Local Standard of Rest (LSRK) frame. This & pheferred frame for
Galactic studies, since the resulting radial velocitiesiara system such that the gas
in the Solar neighbourhood is at rest. This reference frasvmsed upon the average
velocity of stellar spectral typ& — G in the vicinity of the Sun without regard to lu-
minosity class (Delhaye 1965; Gordon 1976), in which theaBsystem is moving at
20 km s? towardsaig90 = 18 hours and1900 = +30°. Therefore, the measurement
of LSR velocities from Galactic spectral lines, is a direa@asurement of their radial
velocity due to Galactic rotation.

Residual baseline removal can be applied to the resultiegtsp byLivepara, in
the form of polynomial fitting. The ripple caused by strongtouum sources and by
the Sun as well as the flux rise towards the high velocity enth@band due to non-
linearities of the receivers in the presence of a strongcmuield curved baselines
that are not straightforward to correct. At this point, a D&vdl dafset is removed
from the HIPASS spectra using a robust first order polynofitialn order to ensure
a fit that is robust to a high fraction of outlying data pointsls as strong Galactic
Hr emission and strong narrow band interference, instead ninmsing the mean of
the squared dlierences between the data points and the fitted line, the medihxe
squared dierences is minimised. This correction is satisfactory fastof the sky,
since most parts of the spectra are away from the Galactepthus free of continuum
ripple, of baseline curvature and residual bandpéfests. Furthermore, most parts of
the spectra are free ofitine emission as well, due to the sparsity of galaxies on the
sky. Nevertheless, where present, baseline ripple degrdmespectra and must be
removed. Such a correction is only performed after the spece gridded and will be

discussed in Section 3.2.5.
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Figure 3.10: Diagram showing the positions of two obseoratiA and B near a target
pixel P with two sources C and D in the field. The dashed cirstesv the half-power
radii of each observation (Barnes et al. 2001).

3.2.4 Gridding

At this stage, each individual spectrum for a unique positim the sky has been
bandpass-corrected and calibrated and is now ready to lbeplan a regular grid.
GRIDZILLA IS responsible for reconstructing the flux at a certain pgreén a number of
single beam spectra measured at irregularly distributestipas near the target pixel.

The gridding algorithm used in the standard HIPASS reduactsooptimised for
point sources, since the aim is to detect galaxies that grected to be smaller in an-
gular size than the multibeam resolution, and is fully diésat in Barnes et al. (2001).
Spectra that go into a given pixel are selected based ondlstéance from the centre
of that pixel which is given by the smoothing radiysy, set to 6. The corresponding
width of the top-hat smoothing kernel function is’1ZFig. 3.10 shows a schematic
representation of the gridding process.

A simple estimate of the fluXe, to be assigned to the target pixel, can be estimated
as the weighted mean &4 andFg, whereF = F,/W(ra) andFg = Fg/w(rg) are
the reconstructed fluxes of sources C and D. The weig(rty andw(rg) should only

depend on the distance from the beam centaed are given by the beam weighting
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functionw(r), which can be written in the form

W(r) = exp[ - (&)2/2] forr < rmax

0 forr > rmax

(3.12)

assuming the telescope beam is a two-dimensional Gaussiatidn of width 144’,
corresponding to- = 6.1’. The median estimator is preferred over the mean estimator,
for its robustness to corrupt data arising from externaéynegrated interference or an

observing system failure. Therefore, the flux value assigogixel P is

_ mediang’)
®” mediang)

defined as median gridding. This included both polarisatievhich is essentially as

(3.13)

having twice the information for the same position. The ten@dian{) in equation
(3.13) ensures that a source like D, near pixel P and thuly likébe detected by most
observations around it, is reconstructed at a modest i its intrinsic flux in pixel
P. It also ensures that for a sky containing a single pointc&uentred on pixel P,
its reconstructed flux is exactly that of the point sourcer &candom distribution of
observations and a smoothing radigg, = 6', the median of the weights is simply the
beam weighting function (3.12) evaluated at the radius Wihiwides the smoothing

area equally in two, meaning
mediany) = W(rmax/ V2) = 0.78. (3.14)

As a consequence, the term medi@gver-corrects the fluxes of extended sources.
For an infinitely extended source (in this case any sourgetdhan say 60 arcmin), the
over-correction is exactly the factoyhedian() of equation (3.13), which is/D.78 =
1.28 (Barnes et al. 2001).

The resulting HIPASS datacubes from the gridding proces&aRA x 8° ¢ with
4 x 4 arcmirt pixels and extend over the full frequency range. The ZOA clatas
are gridded in Galactic coordinates using the same paresefehe final HIPASS

image beam can only be estimated using simulations. Thexgedream of width
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14.4' is elongated in the scan direction to.74due to the telescope active scanning
and then convolved with the gridding kernel, which is a 12xarctop-hat function.
However, due to the non-linearity of the median estimata,éxact final beam is not
well defined. It also depends on the sky sampling, sourcegtiieand source shape.
Measurements of unresolved sources inserted into the data@gridding show that

the resulting resolution is 155" (Meyer et al. 2004; Donley et al. 2005).

3.2.5 Continuum ripple removal

In order to correct for the remaining baseline distortioatt#fects spectra in HIPASS
images, an algorithm was designed to compute a templateddraseline ripple and re-
move it from each spectrum across the datacube.sthied template methd8arnes
et al. 2001) also calleduTaer, computes a canonical baselilgg, = Zi“ilwisi, using
continuum source spectra and then removes it from all thetspin the datacube. The
selectedS; spectra are those that have the largest positive flux at tjteehivelocity
end of the band, thus the canonical baseline is the weightege of the spectra
that better represent the shape of the bandpass curvatdreoatinuum ripple. The
weights are proportional to the increased system temperé@tompared to the average
system temperature) of the ungridded spectra which werebowd to compute that
part of the image. An iterative process is introduced to flagitihals that appear, for
a given channel, in one spectrum but not in the others, whags dot apply in the
case of Galactic Hemission. The final canonical baseline is then subtracted il
spectra across the datacube, scaled by #icent which is given by the slope of a
linear regression to each spectri@nagainstS;. Fig. 3.11 shows the canonical base-
line generated byurner when applied to the HIPASS datacube covering the region
36 < <44, |b < 4.

This method was applied to the HIPASS and ZOA datacubes,derdo run the
automatic and iterative processes of galaxy search (Meyal. 004; Wong et al.

2006; Donley et al. 2005). It is only described here to pretlem maps in the next
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Figure 3.11: The baseline template resulting fromitheier algorithm when applied
to the HIPASS datacube that covers the regioh36 < 44°, |b| < 4°.

Table 3.2: Frequency and velocity relative to theliHe, for the three HIPASS hydro-
gena lines.

Line v(MHz) V (kms?)
H168& 1374.601 +96676
H167¢ 1399.368 +444Q2
H166r 1424.734 -9135

Section and it will not be further used in this work.

3.3 RRL data in HIPASS

Although HIPASS and ZOA surveys were designed to detearhitting galaxies in
the Local Universe, the 64 MHz bandwidth contains severditgen RRLs (Meyer
et al. 2004). Since the RRL transitions, for a given quantum number, are the most
intense (equation (2.25)), only the following three RRLes ased in this study: H166
H167a and H16&. Table 3.2 lists their rest frequencies and velocitiestinadao the
Galactic H line, calculated using the classical Doppler formula.

The data reduction techniques described above are aimexteattithg extragalac-

tic point sources. ThusiHemission from extendedit$ources, including the Galaxy,
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HVCs, the Magellanic Clouds and Stream, is corrupted in taadard HIPASS re-
duced data. Therefore, RRL emission in the HIPASS cubesheiltestricted to in-
dividual Hu regions, since extended emission is truncated by the basdpanoval
algorithm.

Figure 3.12 shows two HIPASS spectra, towards the brightdgions W49 and
W47, where the three RRLs can be identified at their rest #agies. The spectra
are from a HIPASS datacube covering the ZOA-040 zone, retusing the standard
procedure described in the previous sections. The continmipple removal algorithm,
LUTHER, has produced a flatter baseline for W47 than for the stroHgeegion W49,
where oscillations in the spectrum are still noticeablee Tttt that.uthHer uses spectra
from strong continuum sources means that the RRLs are likebe included in the
canonical baseline. Indeed, Fig. 3.11 shows a small signiddeafrequency of the
H167x line. As a result, the RRLs or a fraction of their signal, anbtsacted from
the spectra across the cube as well as shifted in frequereyalthe diferent LSR
velocities of the lines for eachiHregion.

Figure 3.13 shows the HlG7peak line temperature maps, covering the Galactic
plane betweefi = 300 — 52° and|b| < 5°, obtained using HIPASS datacubes reduced
as described in this Chapter. The maps confirm that no largetste is recovered with
the standard reduction process, only individualddgions and some filuse emission
around them. Therefore, the data need to be reprocessegidi$erent algorithms that

preserve spatially extended emission. That will be treatede next chapter.
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Figure 3.12: HIPASS spectra for twaitlegions, W49 G4320.0 (a) and W47 G38.0-
0.3 (b). The three RRLs can be clearly seen as narrow liné=atrest velocities and
are distinguishable from the ripple.
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RRL emission in the ZOA-040 data

cube

For the initial analysis, the datacube covering the lordgttangel = 36° to 44 was
chosen. This includes emission from the Local, Sagittaaiu$ Scutum spiral arms.
The intersection of the survey area with the three arms caeée in Fig. 2.3. Clearly
the major contribution to the RRL emission will be from theg®tarius arm which is
sampled at distances of 3 to 7 kpc. The line of sight is tantgetite Scutum arm at
~ 6 kpc. Significant RRL emission from the inner Galaxy is expdan this longitude
range, which is also covered by other surveys such asftieésBerg (Reich et al. 1984,
1990b) and Very Small Array (Todorovic et al. 2010) survefthe Galactic plane.
An examination of RRL surveys, such as Gordon & Cato (1972t & Pedlar
(1976), Lockman (1976), Heiles et al. (1996b) and Lockmaal.€t1996), shows line
brightness temperatures ef 50 — 100 mK in areas away from stronguHegions.
The ZOA survey, with an rms sensitivity per beam per chanféd mJy, provides
the required level to map the Galactic ridge RRL emissiore Ghallenge though, is
to achieve this sensitivity in the presence of baselifieces and interference as the
following sections will describe. Therefore, the deeperAZ@ata for this region is

used in preference to HIPASS data. This corresponds to the ZDA-040, centred
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at (£, b)=(40°,0°). Some of the results presented in this Chapter have bedisipeit
in the Monthly Notices of the Royal Astronomical Society ¥&s et al. 2010) and are

based on the data analysis described here.

4.1 RRL Data reduction

Since the dfuse Galactic RRL emission is a narrow-band extended alanG #tactic
plane, a modified version of the bandpass removal techngyegjuired. The gridding
algorithm also needs to be adjusted for the treatment ohebeie emission. The ZOA

RRL data processing can be summarised as follows:

e The bandpass correction is performed usingvhemEp5 algorithm.

Spectra are shifted to the LSR frame and Tukidgnning smoothed.

The gridding is done using a median with no beam normalisaifdhe data.

Each RRL is extracted from the spectra in the final cube anectad for base-

lines.

The three RRLs are stacked at each position and the finaldicerrected for

any remaining baseline.

These steps are described in detail in the next sections.

4.1.1 Bandpass correction - Themxmep5 method

MINMED IS the bandpass reduction algorithm developed to recovenderd emission
from HIPASS data. While the standard reduction calculdtesbiandpass correction
through a median of the reference spectra tak&hfrom the target spectrum, filtering
out emission that extends over angular scales greater thamtBe scan direction,
MINMED USes the entire°8can to recover large-scale emission. For each channeh bea

and polarisationyinmep, breaks the scan into sections, finds the median value for
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each section and uses the minimum of the median values taf@rbmandpass template
for the entire 8 scan.

MiNnMEDS has been successfully implemented to image the Magelkiream (Put-
man et al. 1998) as well as HVCs in the southern sky (Putmdn20@?2). This method
greatly increases the sensitivity of the data to largeesstalicture without substantial
loss of flux density, except when the emission fills the e@irgcan. The possible time
variation of the bandpass makesmep5 less stable than the standard HIPASS method
due to the dterence in the value chosen for adjacent scans. Howeverntiiesfdect
is small residual striation in the final cube (Putman et ab2®2003).

Figure 4.1 shows the fierence in channels maps of the H&8ihe from the ZOA-

040 datacube reduced usimgvmenS and the standard median procedure. The stan-
dard method clearly filters out emission resulting in negasidelobes, that are re-
duced using themnmepS method. The biggest negative in the map reduced using the
standard procedure {s28.8 mJybeam, whereas in the map reduced usingep5 is
-13.8 mJybeam. There are, however, still sidelobe artifacts and fhgs Idue to the
emission filling the entire 8scan. Because the ZOA scans are taken at constant Galac-
tic latitude, this #&ects the Galactic plane where RRL emission is expected dlang
whole longitude scan. In that case, the minimum of the mexttantains real emission
and so the bandpass correction lowers the flux, or even gesaragatives in the spec-
tra (see section 4.1.6). The striping along the scannirgction is also visible in the
miNnMEDS channel map at a0 level, thus it only &ects the low flux density regions.

In terms of emission recovered per channel, Fig. 4.2 showsplectra, H167 line,

of the Hi region W47 at {, b)=(37°.0,-0°2), again reduced with the standard method
(dashed line) and withinmen5 (full line). The emission lost in the individual channels

is apparent, as well as the negative sidelobes in the spectduced with the original
HIPASS bandpass method.

The minMeD5S greatly improves the quality of the channel maps and thetspe
thus it is clear that a bandpass calibration method thasesilthe whole scan is better

for recovering extended emission than the standard compatitod. Putman et al.
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Figure 4.1: Channel map¥,sg ~ 30 km s, of the H16% line from the ZOA-
040 datacube reduced with thewmep5 method (top) and with the standard bandpass
reduction method (bottom). Contours are shown#015, 5, 10, 15, 30, 45, 60, 75 and
90 mJybeam and the logarithmic colour scale ranges frelrto 80 mJybeam.
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Figure 4.2: H16@ line 12x 12 arcmirt average spectra of thenHegion W47, at
(¢, b)=(37°.0,—0°2). This shows the dlierence between spectra reduced with the stan-
dard method (dashed line) and witinmep5 (full line).

(2002) found that the minimum of a series of medians with Sises was the best
compromise between recovering as much extended emissiposaghle and the risk
of selecting a value which does not accurately represeatbahdpass.

In order to establiskinvep5 as the preferred method for RRL bandpass correction,
a different number of sections were tested. Fig. 4.3 shows chanragls of the H16¥
line reduced usingunmepn for n = 3, 8, 10 and 15 sections. Increasing the number of
sections increases the total flux recovered in regions wtheremission fills the entire
8° scan. This is noticeable on the Galactic plane, where moxedlvecovered with
MINMEDLS as compared to the other number of sections, furthetrigited in the spectra
of Fig. 4.4. However, increasing the number of sections dads to an increased
variation in the correction for adjacent scans, resultmgtronger striping residuals.
The longitude stripes are visible in all the channel mapsigf #.3, although maps (c)
and (d), with a similar rms of 5.2 mJybeam, have a more pronounced striping than
the mmvnmepS map, of rms~ 3.2 mJybeam. Furthermore, the channel maps reduced
with 15, 10 and 8 sections result in more negative flux thar Wwitsections. The

MINMEDS map shows slightly more striping as compared tomhaien3 map, but also
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Figure 4.3: Channel map¥,sg ~ 30 km s, of the H16% line from the ZOA-040
datacube reduced with thenmeo method using 3 (a), 8 (b), 10 (c) and 15 (d) sections.
Contours and colour scale are the same as in Fig. 4.1.

more emission is recovered, specially along the Galactingl
As a resultminvep5S was at this stage the favoured method for the bandpass-reduc

tion iN LIVEDATA.

4.1.2 Spectral smoothing

As described in Section 3.2.2, the Hanning filter is mdfeaive in suppressing the

ringing caused by the strong Galacticlkie than the Tukey 25% window: the price to
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Figure 4.4: The dference in the total flux per channel in thex22 arcmirt average
spectra toward the iHregion W47, at {, b)=(37°.0,—0°2), for the diferent number of
sections in themmvnmep method. minmen3 is the red line, 5 is the black line, 8 is the
green line, 10 is the blue line and finally 15 is the yellow line

be paid is a broadening of the spectrum from a half-width o8 to 26.4 km s?.
This velocity resolution is still adequate to resolve thession from the LocalV =
0 km s1), the Sagittarius\{ = 40 km s?) and the Scutum arm¥/(= 80 km s?), that
the¢ = 40° cube covers.

Figure 4.5 shows the RRLs for thenHlegion W45, {, b)=(40"5,2°5), where the
effect of the diferent smoothing functions is visible. It shows that the paaktem-
perature decreases with the increasing filtering, althdabgHine integral is constant.
The H166& line is the closest to the Galactia kignal, 4.3 MHz or 66 channels away
from it, therefore is the mostfiected. Nevertheless, the ringing can liieetively
removed by applying the combined Tukeyanning filter, which only degrades the
velocity resolution to 27 km3, as compared to 26 knt’sfrom the Hanning filter
alone. As a result, the three RRLs can be added without petjpagthe H ringing
that contaminates the H1&6ine, to the stacked spectrum.

Gaussian fits to the H168ine give widths of 280+0.6 km s, 36.2+0.9 km st and

36.4 + 0.3 km s for the Tukey, Hanning and Tukeydanning smoothed spectra, re-
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Figure 4.5: RRLs for the Hregion W45, {, b)=(40°5,25), taking a 12< 12 arcmirt
average spectra smoothed with the Tukey (top), Hanningdl@@nd TukeyHanning
(bottom) filters. The residual ringing can bffextively removed by applying an addi-
tional process of Hanning smoothing to the Tukey smoothedtsa.

spectively. Taking into account the broadening caused bly etithe filters, the results

are consistent with a line width of 241 km s for the Hi region W45.

4.1.3 Gridding

The standard HIPASS gridding process uses the median gbedts within a 6ra-
dius, divided by the median of the corresponding weightsiggqn 3.13). Since this
overcorrects the fluxes of extended sources, the simpleanéslused. Therefore, the

flux value assigned to a given pixel is

Fe = medianf’) 4.1
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whereF’ are the measured fluxes within the smoothing radius is of Biarc Thus,

following the discussion of Barnes et al. (2001), the resglflux density scale is
correct for extended sources such as the Galactic planesarhe gridding algorithm
was used by Putman et al. (2002) to recover the correct flukey¥@s. This process

increases the beam width from’M4to 13.5 (Section 3.2.4).

4.1.4 Standing wave mitigation

The RRL spectra dter from the &ects of standing waves produced when the contin-
uum waves from the targetiHegion interfere with a fraction of the radiation which
reaches the focus along separate paths. Although this sigtnal is of the order of
a few percent of the main signal, it can be comparable withritensity of the RRL
itself, which in the case of the lines atl..4 GHz is~1 % (Section 2.2.3). Most of
the interfering signal results from standing waves betwiberfocus area (prime focus
cabin and supports) and the apex of the antenna, and is adoqad by scattered solar
radiation. Even during the night, scattered radiation agedrom Galactic structures
adjacent to the Hregion under investigation. This is the case in the preseilysof

a bright section of the Galactic ridge. Similarly, radiatipom the ground can find its
way into the focus area. All these sources contribute to tieding waves; they will
vary with time of day, the azimuth and elevation and the pasih the celestial sky.

On the present dataset, the ripple pattern presents twinaisomponents: one
associated with continuum sources and the other causeé-ayis power. Figs. 4.6
and 4.7 show the variation of the standing wave pattern \atitulde, at? = 42°.0 and
¢ = 380, taking 2 (£) x 1° (b) average spectra, bt= 0°.0, £1°5 and+3°.0. The ripple
pattern on the plane, Figs. 4.6 and 4.7 (c), is associatédattotal power going in the
main beam of the telescope, or on-source power and has thactéd@stics described
and seen before. The amplitude of the ripple is about 2Qledyn at/ = 42°.0 and
~ 120 mJybeam att = 380, a much stronger region of the cube, coincident with

the extended group ofiHregions, W47. For this reason, the spectrd at 38°.0 and
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Figure 4.6: The standing wave pattern variation with Gatdetitude and longitude,
at¢ = 42°0. Figures (a) to (e) are at= -3°.0,-1°5,0°0, 1°5, 3°.0, respectively. Each
plot shows an average 2¢) x 1° (b) spectrum. The vertical dotted lines indicate the
rest frequency of the three RRLs.
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Figure 4.7: The standing wave pattern variation with Gatdetitude and longitude,
at¢ = 38.0. Figures (a) to (e) are &t= -3°.0, -1°5,0°0, 1°5, 3°.0, respectively. Each

plot shows an average 2¢) x 1° (b) spectrum. The vertical dotted lines indicate the

rest frequency of the three RRLs.
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Ib| = 1°5 still have the signature of the continuum source relatpdlel. Out of the
Galactic plane, the spectra show the pattern seen in Figgajand (e), with 5.7 MHz
still the dominant frequency, but with fiierent fine structure. This pattern is due to
the power picked up by the beam sidelobes, either coming thenextended Galactic
ridge or the ground. The signal near the rest frequency oftt@/a RRL in Figs. 4.6
and 4.7 (a) and (e) is likely to be interference and not a feal| kince it is not seen in
the other two channels. That is indeed the best way of chgdkim signal is in fact
an RRL. The same standing wave patteri at +3° is common to both longitudes,
although weaker at = 38°.

The variation of the continuum ripple with position impligst the baseline around
each RRL also varies across the cube. Under these circucestamd given the fact
that only a fraction of the 64 MHz spectra is used, correspuntb the three RRLS, it
was chosen not to apply a baseline fit to the spectravitbata nor to useLuther, but
to perform local baseline fits around each line. This metisodeiscribed belownr!

was used to perform all the post-processing analysis ofale d

Baseline fitting

The three RRLs are extracted from the spectra at each positibe gridded datacube,
with a given number of channels either side of the line, mageither side of its rest
frequency channel. The RRL spectra are then linearly iotatpd to a final grid of 0.1
channels, so that the spectra can be shifted to within a tdratikhannel. The channels
containing the rest frequency of each line are given in Tdldle

The baseline is estimated and removed by fitting a polynoimi@éch line, exclud-
ing the velocity where the RRL gas is expected to emit in thigltude range, using
the outlier-resistant polynomial fit procedue@sust poLy Fi1?, in ibL. From the inspec-
tion of Fig. 1.6 as well as the velocity information in the kotan (1989) survey, it

can be seen that the RRL emitting gas fof 36 ¢ < 44° is confined to a velocity

oL Iterative Data Language
2From themL Astronomy Library
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Table 4.1: Rest frequency channels of the three RRLSs.

Line v(MHz) Restfrequency channel Rest frequency channel
after interpolation

H16& 1374.601 196 196.0
H1670 1399.368 592 592.3
H166r 1424.734 998 998.2

range of about 0 to 100 knTswith a major contribution from the Sagittarius arm
(V ~ 40-50 km s?). This should be the velocity range excluded from the fit ichewr
to preserve the RRL information.

The other two parameters to adjust are the velocity rangthéofit, i.e. the number
of channels selected either side of the line, and the dedrée @olynomial. Fig. 4.8
shows the spectrum from the datacube at the position of W43=£(37°.5,-0°1), or
G37.5-0.1, with a peak, ~ 12 K. This slightly extended idregion has a velocity of
~ 53 km s?, and thus is located in the Sagittarius arm. The Tuldgnning smoothed
spectrum, Fig. 4.8 (a), shows the baseline curvature ang@dhedic standing wave
pattern with a frequency of 5.7 MHz. This is the frequencyextpd for standing waves
between the focus and the apex of a 64-m antennafwith= 0.4. There is additional
fine structure in the pattern due to longer integration paffisis fine structure does
not repeat exactly over the 64 MHz bandwidth, as will be tHated further in this
section. The RRL spectra extracted from the total powertspecare shown in Figs.
4.8 (b), (c) and (d). The conversion from frequency to LSRoe#y is done using the
radio convention Doppler formuld, = c(vo — v)/vo, Wherev is the frequency of each
channel of the interpolated spectra agdhe rest frequency of each line. The choice of
channels should exclude the edge of the band for the k166 as well as reduce the
number of channels contaminated by theridging, which would &ect the baseline
fitting. The RRL spectra in Fig. 4.8 were extracted with 51rofels, so it results
in a velocity range of~ +300 km s? either side of the RRL range (0100 km s?).
More channels give more points for the baseline estimatatiibhe same time includes

more curvature which requires a higher order polynomialTthis is illustrated in the
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Figure 4.8: Total power spectrum (a) for theregion G37.5-0.1, taking a 12

12 arcmirt average spectrum Tukeydanning smoothed. The three RRLs are in fig-
ures (a), (b) and (c). The vertical dotted lines give the eyorange expected for
RRL emission. The sinusoidal ripple caused by the continsaurce is visible in the
spectrum of panel (a).

spectrum of the H1G8line in Fig. 4.8 (b), where the concavity of the baselinetstar
to invert at the edges of the spectrum. Similarly, for theeotines, a slightly narrower
velocity range should enable a good baseline fit.

In spite of the above arguments for an RRL range ef 00 km s?, other veloc-
ity ranges were tested. Fig. 4.9 shows the results Hédint polynomial fits to the
H168 line for the Hi regions W47 (G37.5-0.1) and W49 (G4320), excluding the
velocity range-30 to 130 km st. W49 lies on the far side of the Local spiral arm with
a velocity of~ 7 km s, which motivates the test of an RRL range that extends to neg-
ative velocities. Fig. 4.9 indicates that ¥ drder fitting gives the best results, for both

regions. However, the final spectra present negative digsland non-flat baselines,
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Figure 4.9: Results from fferent polynomial degree baseline fits to the Hi 6i8e,
taking a 12x 12 arcmirf average spectra for thenHegions W47 - G37.5-0.1 (left)
and W49 (right). The order of the polynomial increases fromo 4, from the top to
the bottom figures. The velocity range for the fit i2D0,300] km st, excluding the
range [30,130] km s?.
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Figure 4.10: Results from fierent polynomial degree baseline fits to the Hi@i8e,
taking a 12x 12 arcmirf average spectra for thenHegions W47 - G37.5-0.1 (left)
and W49 (right). The order of the polynomial increases fromo 4, from the top to
the bottom figures. The velocity range for the fit islp0,220] km st, excluding the
range [0,100] km .
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due to the broad RRL range combined with the small-scaletstre present in the
spectra. These examples show that the fit should go as cltise lioe as possible and
that at least a3 degree polynomial is needed. Although this can be partindtthe
noise in some spectra, it is required due to the structureeobaindpass. This situation
will be improved in Chapter 5. Therefore, the number of clesextracted should be
suficient to enable a robust'order fit and at the same time avoid too much structure
in the spectra. Fig. 4.10 shows the baseline-corrected 11168 for the same regions
as in Fig. 4.9. The polynomial fit is now performed using théadaoints between
[-120,0] and [100,220] km$. The improvement between the spectra in Figs. 4.9 and
4.10 is evident, for all the polynomial degrees in both regioFor this set of fitting
parameters, aBor 4" order fit gives similar results. For thentHegion W47, the neg-
ative sidelobe at 0 knt$ decreased from 33 to 12% of the line peak, comparing Figs.
4.9 and 4.10 (g), and resulted in a flat baseline of rms of 5/lbedym. For W49, the
line in Fig. 4.10 (h) developed a negative sidelobe &0 km s, whereas in Fig. 4.9
(h) it was at~ —20 km s and not as deep. Nevertheless, tHeofder fit from—120

to 0 km s and 100 to 220 km3, results in a final baseline rms of 11 nidgam, as
compared to 14 mJlgeam for the previous fit.

Figures 4.9 and 4.10 illustrate theftitulty of finding a baseline fit that takes into
account the dferent standing wave patterns of each RRL spectra, as wéleaentral
velocity shift of the lines. After inspection of the spectfindividual Hi regions
in the datacube, this set of parametersaodder polynomial fit betweer120 and
220 km s? excluding the range 0 to 100 km'swas found to be the best method for
the baseline correction of each RRL.

A further complication in baseline correction is posed by tlegatives generated
in the minmepS bandpass removal (Section 4.1.1). These are visible imasseline
corrected spectra and are not presented here, but in Sekfid) since they are dealt

with after line stacking.
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Figure 4.11: The stacked line for tharllegion W45, taking a 12 12 arcmirt average
spectrum. The spectrum has been Tukdgnning smoothed.

4.1.5 Line Stacking

After correcting each RRL for baselines, the final step isdd them. The three RRLs
should come from the same region in the sky, as a result ohdtie same transition
order (An = 1) with similar quantum numbers, the lines should have apprately the
same intensity (Section 2.2). Therefore, the three linesbeastacked - aligned and
averaged - improving the signal-to-noise ratio by a facfoV8 = 1.73.

The lines need to be carefully shifted before being stackithgrwise the final line
can be easily broadened and consequently give a false frafiaaf the width of the
line. In order to do this it is necessary to identify the chelnthat contains the rest
frequency of each line. It is possible to do so to a tenth ofanokl after the spectra
are interpolated. Fig. 4.11 shows the stacked line for thedgion W45, after the three
Tukey+Hanning smoothed and baseline-corrected RRLs from Fig.akedded. It
illustrates the improvement in the baseline of the spectoetween the original three
spectra and the added spectrum. THEedent baseline variations in each of the spectra

act dfectively like noise and are reduced by nearly a factor of twithe addition.
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4.1.6 Post-stacking baseline correction

The baseline correction and line stacking described sgéaerally yield spectra that
are flat and have good signal-to-noise ratios. That is notése in the presence of
negatives, thought to be caused by the incorrect bandpassction. Figs. 4.12 and
4.13 show the spectra of each RRL plus the stacked lineshéosihgle pixel centred
on the plane af = 39°.6 and( = 40°4, respectively. These are just two examples that
help explaining the adopted method of dealing with the negsit

In Fig. 4.12, the three RRL spectra have a negative featiwe-a60 km s, which
means that there is extended emission along’tke0° scan at that velocity. This is
indeed the case, as the extended groupiofdgions W47 is located on the plane with
typical velocities of 56-60 km s*. The bandpass correction then depresses the spectra
in that channel, creating negatives where the emissiontigerg strong.

If there is a real signal embedded in the negative, then iilshioe at roughly the
same velocity in the spectra of the three RRLs. The Hi&@ectrum shows a possible
line of ~ 15 mJybeam atv ~ 25 km s. Even though the corresponding signal in the
H167a and H16& spectra are not as clear, they show an inflection at the saloatye
The polynomial fits to each RRL, shown as dotted lines, arapptopriate to recover
this signal, hence the stacked line in Fig. 4.12 (d) (blac&)lis still strongly &ected
by the negative. The red curve in Fig. 4.12 (d) shows the resltting a 4" order
polynomial from-30 to 100 km st, excluding the range [10,60] km’s to the stacked
line. The result is a line of amplitude H51 mJybeam, at 2% 1 km s (obtained
from a Gaussian fit). If the stacking is done only after thisosel baseline fit is applied
to the original RRL, the resulting final line is that in grees, seen in Fig. 4.12 (d).
The consistency between the red and green lines indicaaéshtl correction for the
negatives can be done before or after line stacking.

Figure 4.13 shows another regiofiexted by bandpass-generated negatives. It is
also a good example of the advantages of line stacking. Tleé&kdpectrum is, in this

case, slightly broadened as compared to the other two RRitrsp&vhich is likely due
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Figure 4.12: The RRL spectra and stacked lines for the piaitred on

(¢,b)=(40>4,000). The dotted curves are the original polynomial fitted te Hpec-

tra. The red line is the result of applying the second fit tosteeked line, in black,
whereas the green line is the result of applying the secortd 8ach RRL and then
adding them.

to the ringing €ect from the H line. Nevertheless, the second fit is able to recover a
signal from the stacked line, consistent with that seenlithalthree individual spectra.
The reason for applying a fit that is able to recover a lin& at 30 km s but

that ignores possible signals at higher velocities, firshes from Galactic rotation
arguments. At this longitude, ~ 40°, the emitting gas is expected to have veloc-
ities between 0 and 50 km s?, since the line of sight intersects the Local and
Sagittarius spiral arms. To confirm this hypothesis, theapaaters of the final line
recovered in Fig. 4.13 (d) are compared with published tesulhe line integral is
463+ 37 mJybeam km st, or 370+ 30 mK km s (Section 3.2.1), which is consistent
with the value obtained by Lockman et al. (1996), 3936 mK km s?, at the same

position. Their observations detected a line aB271.4 km s1, also consistent with
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Figure 4.13: The RRL spectra and stacked lines for the pixattred on
(¢,b)=(39.6,000). The labels are the same as in Fig. 4.12.

the present measurement of 811 km s. The fact that the present beam is broader
than the 9 arcmin beam from their observations, is not likelynvalidate this com-
parison because the directiof) If)=(39°.6,0°.0) points to an extended ionised region.
Lower polynomial orders were tested, since the small nurobdata points used here
does not guarantee a fit as robust as that in the initial widkrcity range. However,
a 4" degree polynomial was found to perform best given the sgvefithe nega-
tives. It will be shown in Section 5.3.1 that line emissiodétected at these two posi-
tions in the reprocessed cube, where the line integral ereavat {, b)=(39°.6,0.0) is
325+ 180 mK km st. This is consistent with the value of 39576 mK km s found
here, whose lower error bar is likely due to an over fit of thesao

This method was applied anywhere in the datacube where ttesfacked line

integral was less than zero, as absorption is not expectbesd frequencies.
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4.2 The distribution of RRL emission at¢ = 4Q°

For the purposes of mapping thefdise electron gas, the line integral over the emission
velocity —20 to 120 km st is used, in order to take account of any velocity spread
within the spiral arms. The final RRL data cube shows highifiance detections
of RRL emission from individual H regions and from diuse gas along the Galactic
plane. Fig. 4.14 plots the RRL emission at 6 velocities (042060, 80, 100 km=3),
integrated over 20 km-8. Individual Hui regions can be identified on thefidirent
maps. At the lowest velocities, the emission is broadegesinmaps the Local and
Sagittarius arms. At the highest velocities§0 km s?) the emission is more confined
to the Galactic plane and is stronger at low longitudes whiggeScutum arm comes
in. W49A, (¢,b) = (43.2,0°0), is the most prominentidregion of the field and is one
of the strongest Hregions of our Galaxy. It is stronger in the first two panel$-j.
4.14 because its LSR velocity is 7.7 kit swhich places it on the far side of our own
spiral arm, at~ 11.9 kpc from the Sun. W45/(b) = (40°5, 2°5), is also detected at
low velocities,V sg = 23 km s?. It is at a distance of 1.6 kpc from the Sun, thus in
the Local arm. The extended feature on the plane argua®8°, W47, is a group of
Hu regions with LSR velocities from 50 to 90 kmsand is thus in the Scutum arm.
The extension to positive latitudes is due to the contrdyubf some hi regions with
velocities around 40 knr$, and therefore belong to the Sagittarius spiral arm.

Figure 4.15 shows two maps of the RRL emission integrated £20 to 60 km s* and
from 60 to 120 km 3!, and also the corresponding latitude profiles averaged over
¢ = 36° to 44. Comparing Figs. 4.15 (c) and (d), it is seen that low veloeihission
has a broader latitude distribution, with a FWHM 6151 whereas the higher velocity
emission has a FWHM of about half that value.

Figure 4.16 gives the total RRL emission integrated fre?® to 120 km st. This
map shows a clear detection of thdéfdse ionised gas around the Galactic plane, as
well as the individual H regions. The rms noise away from the Galactic plane is

70 mK km s?. The low-level striping in longitude is apparent, due to thkescope
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Figure 4.14: Maps of RRL emission centred at 0, 20, 40, 60, @D 10 km s,
integrated over 20 km$, at a resolution of 15.5 arcmin. Contours are giver-2t
-1, 1,2, 4,6, 8, 10, 15, 20, 30, 40, 50, 60, 70, 80 and 90 per d&n6 K km s.
The two negative contours are dotted.
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Figure 4.15: Integrated RRL emission for two velocity ramdwp) and the corre-
sponding latitude profiles (bottom). The left- and rightiti@ide panels correspond to
a line integral from-20 to 60 km s! and from 60 to 120 kms, respectively. The
contours are the same as in Fig. 4.14.

scanning strategy and the variation of bandpass corregtween adjacent scans. The
stripes are at the 2.& level, so they only fiect the low flux density regions. Some
regions near the Galactic plane show sidelobe artifactdaltize emission filling the

entire scan (Section 4.1.1). The biggest negative)(#s next to one of the strongest

Hu regions in the map, W49.
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Figure 4.16: Map of the total integrated RRL emission (in mK &1) at a resolution
of 15.5 arcmin. The integration is made betweetd and 120 km¥. The contours
are the same as in Fig. 4.14, where the value 5.29 K #hnissthe peak of the line
integral in this map. Note the non-linear colour scale.

4.3 The distribution of Ty in the ¢ = 40° region

4.3.1 Comparison with the 1.4 GHz continuum

In order to obtain a value of the brightness temperafliggfirom the RRL line integral,
equation (2.40) is used. It is necessary to have a reliatila&® of the electron tem-
perature, since equation (2.40) dependd fP. The average electron temperature of
Hu regions, derived from RRL observations, ranges from 6700rHe Local arm to
5500 K for the Scutum arm whereds for the difuse gas is slightly highex; 8000 K
(Section 2.5.1). As follows, the adopted electron tempeeator the/ = 40° region

is 7000 K, thereby 1.0 K km-$ is equivalent to 2.8 K of brightness temperature at
1.4 GHz.
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Galactic latitude (°)

Galactic longitude (°)

Figure 4.17: Map of thermal brightness temperature at 1.4 @stimated from the
RRL line integral over the data cube. Contours are givenlaafid 0.5 (labelled), 1,
1.5,2,2.5, 3K andthen every 1 K until 19 K. The resolutiorhaftap is 15.5 arcmin.
Note that 2.8 K T}) corresponds to 1.0 K knt} for T, = 7000 K.

Using the adopted value ®f = 7000 K | can evaluate thg, from the RRL integral
at each pixel in the data cube. Fig. 4.17 shows a contour pldt over the area of
the data cubef(= 36° to 44, b = —4° to 4°). In addition to the compact sources, the
diffuse emission can be seen peakingy at 0°. Fig. 4.18 plots the total continuum
emission for this region. This map is obtained combining Z&# HIPASS data,
using a diferent set of reduction parameters from the present, andlibeifurther
discussed in the next chapter (Section 5.4). The sim#gritietween the two maps
show that the RRLs successfully recover both individualregions and the iuse
emission.

The extended object af,0) = (40°,-2°) in Fig. 4.18, W50, appears to have no
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Figure 4.18: Map of the total brightness temperature at 1 @r the regiont =
36° — 44, |b| < 4°, from the combination of ZOA and HIPASS surveys. The cordour
are given at every 1 K from 3 to 20 K, every 2 K from 20 to 30 K an8%t40, 45, 50
and 55 K. The first four contours are labelled on the map. Sauecss are labelled.
The resolution is 15.5 arcmin.

RRL emission associated with it, so no evidence for ionised ghis is a SNR, thought
to be powered by the X-ray binary system SS433 which geretaterelativistic jets in
opposite directions, creating the lobes that elongatedatife. W50 lies at a distance
of 6 kpc from the Sun and thus has no association with theddion S74, which is
seen in the RRL map af,p) = (40°.0, -1°.3) (Lockman et al. 2007). S74 is comprised
of a compact source embedded in an extended region, alsonitested RCW182. |
measure a velocity of sg = 44.7 km s for S74, which places it at a distance of

~ 3.0 kpc from the Sun, in the Sagittarius arm.
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4.3.2 T, latitude distribution

In order to make the fliuse emission clearer, latitude cuts integrated over atodgi
range are given in Fig. 4.19. Fig. 4.19 (a) is an integral ¢kerfull longitude range

¢ = 36° to 44 using 0.2 latitude bands. Fig. 4.19 (b) shows stronggin the £-range

36° to 39 than for¢ = 39° to 44 (Fig. 4.19 (c)). It should be noted that the stronger
emission at = 36° to 39 includes the tangent to the Scutum arm which does not
extend tof = 39 to 44°. Nonetheless, the emission in Fig. 4.19 (c) appears to be low
with the peak of the latitude distribution less than halflwdttin Fig. 4.19 (b). There

is also less extended emission around the plane, so thedtdistribution appears
narrow and is mainly accounted for by the few Irfegions in that longitude range.
This suggests that | might be losing some extendé@ligk emission in the process,
probably due to the bandpass removal associated with timaiscastrategy (Sections
4.1.1 and 4.1.6).

The longitude variation off, is shown in Fig. 4.19 where 4.19 (d) shows the
Galactic ridge emission integrated fram= —0°.25 to (.25 while (e) is the integral
from b = —-0°5 to 0°.5; in both plots the longitude step is 4 arcmin. The fallTgf
with longitude as the line of sight passes out of the Scutumiawisible, leaving only

emission from the Sagittarius and Local arms.

4.4 Validity of the RRL data

As a consistency test, | have compared the line integralstiviise from the frequency-
switched RRL survey by Heiles et al. (1996b). For the poggibetween the longi-
tudes of 39 and 44, where there might be flux loss (Section 4.3.2), | get a r&ti®.®
with a scatter of 0.2, which shows that the data sets are st@m$i The comparison is
shown in Fig. 4.20.

The LSR velocity of several lines of sight was also testedrsgéhe measurements

by Heiles et al. (1996b). Table 4.2 gives a few examples ofpitesent velocities
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Figure 4.19: Brightness temperature estimated from the RBPA s versus latitude,
averaged over three longitude ranges (left) and versustloey averaged over two

latitude ranges (right).

Table 4.2: Measured LSR velocities compared with publistesdilts (Heiles et al.
1996b). The uncertainties in the Heiles et al. (1996b) vatscare of the order of a

few per cent (channel spacing is 5 knt)s

This work Heiles et al. (1996b)
(¢,b) Visr(kms?h)  Visg(kms™?)
(36°.0,-0°.6) 607 + 0.6 61.0
(36°.6,-1°7) 633+0.2 63.1
(37°.3,1°.0) 450+ 04 44.6
(43.2,0.0) 78+0.2 8.4

obtained from Gaussian fits, compared with the correspaniisults from Heiles et

al. and indicates that the results are consistent.
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Figure 4.20: Comparison between the integrated intenditielines (in K km s?)
from the present work with those from Heiles et al. (1996b},the pointings in the

{—range 36to 44. The solid line gives the linear fit with a slope of 0.8 and tbé&ed
line is the line of slope 1.
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5

RRL Data analysis - an improved

method

After the study of the ZOA data cube centredfat 40°, the two next 8 x 8° regions
towards the Galactic centré,= 32°and¢ = 24°, were analysed. Fig. 2.3 shows that
the major contribution to the RRL emission will be from theugen spiral arm. Other
surveys of the Galactic plane (Reich et al. 1984, 1990b) lisav that the continuum
emission is much stronger &= 32° than in the previoug = 40° region.

This chapter describes the improvement of the RRL redugdipaline, which in-
cludes a new bandpass algorithm exclusively designed écailalysis of RRL spectral
line data. It also incorporates some algorithms that weitaaily developed for the
HIPASS continuum data analysis, which is briefly discussdbeaend of this chapter

(Section 5.4).

5.1 The new RRL pipeline

The ZOA-032 cube was very useful for the development of a namdpass correc-
tion algorithm because it contains a strong and isolateddgion, W40 (G28.83.5),
where the origin of the spectral negatives could be identifi&#hus, the following

sections on data reduction refer to the 32° cube.
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Frequency: 1399.430 MHz
0.04

Galactic Latitude
Jy/beam

—0.02

—0.04
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Figure 5.1: Map of the ZOAX = 32 cube at 1399.430 MHz(13.4 km s!) reduced
with theminmedy algorithm. The strong source W40 at the right top of the majsea
the negative trough along the scan direction through thedgion.

5.1.1 Bandpass calibration - thésysmip method

At this stage, a refinement of thexmep method (Section 4.1.1) was available for the
bandpass correction. This is called thenmed, or the minimum-running-median, be-
cause it calculates the median in a sliding boxafitegrations along the scan. For a
typical 100 integrations scamnmep5 breaks it into 5 fixed sections of 20 integrations
each, whereasiinmedp is a box of 10 integrations that runs along the scan, and finds
the minimum of all the medians computed. The Imox 10 provides a sfticient num-
ber of integrations to compute a reliable median withoutateraging length being
too extended in regions where a large part of the scan may &g by extended
emission. Fig. 5.1 is a map of the ZOA-032 datacube at 1399MH8z, reduced
with minmedy. Besides the negatives on the plane (Section 4.1.1), itshavegative
trough along the scan line through the isolatedrelgion W40. The RRL emission of
W40 from the H16@ line peaks at about 346 mypeam, at 0 km s, and the trough
varies in depth between about 30 and 70 mJy, 2% of the peak.

The cause of the negatives are large-scale distortionsedfdhdpass response by
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very strong sources, such as W40. The bandpass calibratiovebara is based on
Si

S = B B(Tsys) (5.1)

whereB is the bandpass estimator for extended emission, thaiiggp or the running

Tsys

medianminmed The spectruns; is first normalised for each integratiorby Tys,
where

Tsys = <Si> (5-2)

is the average of the spectrugntaken over all channels. The negative trough is gen-
erated by the bandpass quoti&tTs,s which depresses the channels adjacent to the
RRLs but not the channels occupied by the lines themselves happens because
W40 is a strong continuum source which cau$gsto increase by nearly a factor of
two, but the continuum does not contribute equally at aljfiencies, either due to in-
strumental &ects or the source’s intrinsic spectral index. Fig. 5.2 shive bandpass
quotientS;/Tsys for beam 1, the beam that passes right through W40 for thewithn
central latitude+3°.3. Fig. 5.2 (a) shows the trough along the frequency rangerooy

the H16% line (1399.369 MHz) and Fig. 5.2 (b) shows the whole bandpesfde for

the integration coincident with W40.

The trough in frequency is then converted into a trough ingten direction be-
cause the bandpass estima{S;/Tsys), locks onto the channels either side of the
RRL which causes the baselevel for those channels to be estdeated. As a result,
the termS;/B(S;/Tsys) is inflated. Then, either wheB(Tsys) is subtracted in equa-
tion 5.1, or later when the post-bandpass baseline fit iopadd, the whole scan line
through W40 for the channels containing the HA6IRL are pushed to negative val-
ues. One way to avoid the bandpass estimator locking onttrahgh is to find and
exclude the integrations whefigs is high. That is, the bandpass must be estimated
using the integrations whefies, and therefore the continuum, is lowest. This, in prin-
ciple, implies that the RRL signal in those channels is lowab. The solution is then
to find the 10, or in general, integrations for whiclB(Tss) is lowest and use those

integrations to computB(S/Tsy). This bandpass estimator is callesysmin. Fig.
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Figure 5.2: (a) The quotier8;/Ts, for beam 1 and polarisation A, of the scan that
passes through W40 (near the top). The vertical axis, thetso®, is equivalent to the
Galactic longitude. (b) The whole bandpass profile for thegration at 133655,

5.3 shows channel maps of the ZOA-032 cube at two frequeneigsthe H164 line,
plus the final spectra towards G35%®0, using theaninmed, andtsysming bandpass
estimators. Thesysminmethod shows a significant improvement oveinmed It
removes the negatives on the Galactic plane and along théuoie direction at W40,
and it also recovers more extended emission and rendenseclspectra, with higher
peak values.

After bandpass calibration, a second order polynomial fibtospectral baseline is
removed byLivepata. This is to remove large scale curvature and continuum eomss

from the spectra.

130 DIFFUSE RRL EMISSION ON THE GALACTIC PLANE



5.1: THE NEW RRL PIPELINE

Frequency: 1399.430 MHz Frequency: 1399.430 MHz

+4°

0.04

429 0.02 oo

] o)
g o
= g £
3 C:
0 000 & 2 g
E= S8
3] 2 b
% K
o
© &
—2°) o
-0.02 -2
_49) B
36° 34° 32° 30° 28° —004 -
36°
Galactic Longitude
Frequency: 1398.930 MHz Frequency: 1398.930 MHz

Galactic Latitude
Galactic Latitude

Galactic Longitude Galactic Longitude

1398.0 1398.5 1399.0 1399.5 1400.0 1400.5 1398.0 1398.5 1399.0 1399.5 1400.0 1400.5
Frequency (MHz) Frequency (MHz)

Figure 5.3: Maps of the ZOA-032 datacube processed usimgned, (left) and
tsysmin(right), at 1399.430 MHz (top) and 1398.930 MHz (middle). eTihtensity
range is-40 to 40 mJybeam, as indicated in the top-left panel. Negatives are vetho
using thetsysminmethod and more extended emission is recovered. The twod1167
spectra, taken at/(b)=(35.6,0.0) show that the deep negative left yinmedy is
strongly suppressed by thgysminestimator, shown in the right hand spectrum.
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5.1.2 RRL extraction - xrrL

Averaging the three RRLs greatly improves the signal-ts@of the final line (Sec-
tion 4.1.5). Moreover, removing the baselines before stacthe three spectra gives
similar results to stacking and only then removing the basehs described in Section
4.1.6. For this reason, and due to the fact that only a podidine 64 MHz spectrum is
used, it was decided to extract each RRL from the bandpasscted data and either
average the three spectra before or during the griddinggssoc

This algorithm is calleckrrr and it was included in thervepara distribution for
the exclusive treatment of HIPAZSOA hydrogen RRLsxRrrL reads a bandpass cali-
brated scan and generates 4 files, 1 for each RRL and one foothiined line, with
the same format as the original file but with only a fractiorthad channels. The three
spectral fragments are Fourier-shifted so that the linefrequency falls on an integral
channel number. They are stacked using a weighted mean tirébe RRL spectra,
where the weights are proportional to the square root of Hrelpass response mea-
sured at each line’s rest frequency, normalised to unitye Weights are set to 0.26,
0.39 and 0.35 for the H1@6 H167» and H16&, respectively, and were measured
using several scans selected at random. These valuestboted® into account the
Hr ringing and the bandedgetects that &ect the H166 and H16& lines, respec-
tively. The error introduced by averaging the lines in freqay rather than in velocity
is small, less than 4 per cent of the channel width. The nurobehhannels extracted
was set to 51, which is the maximum allowed, due to the prayiwfithe H166 line
to the edge of the band, and is equivalent to an LSR velocityeaf+335 km s?.
Finally, the frequency axis is relabelled as appropriatdéhe H16% line.

As aresult of thexrrL procedure, two datacubes can be generategtipyiia: one
using the files for each individual RRL (split mode) and theeotusing the stacked line

files (combined mode). Examples are given in the next section
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5.1.3 Weighted median gridding

In the analysis of the ZOA-040 datacube, a simple mediardgrgdwith no beam nor-
malisation was adopted in order to recover correct fluxesttended sources (Section
4.1.3). At this stage, a refinement of median gridding is utezlveighted medials-
timator. For each pixel in the output datacubeipziLLa calculates a weight for each
input spectrum based on its angular distance from the pneits corresponding sys-
tem temperature. The beam weighting function is modelled Baussian of FWHM
equal to the intrinsic beam, 14.4 arcmin. The value assigodde pixel is that for
which the accumulated weight is half of the total weight (@fhis summed starting
from the lowest). The FWHM of the smoothing top-hat functard the cutff radius
are the same as used before, 12 and 6 arcmin, respectively.

If the gridding process used the mean estimator, griddingaseraging the lines
should produce similar results to averaging and then gngldiFig. 5.4 shows the
peak line temperature maps from the ZOA-032 datacube, mddaising the split and
combined modes. The two maps are very similar, with apprakéty the same rms
of ~ 3 mJybeam, which means that median gridding gives equivalenitee®/hen
the lines are combined before or during the imaging procésdact, the combined
mode produces only slightly better results than the spliley@s the dierence map
of Fig. 5.4 shows. The maximum line temperature in the coedbimode map is
0.96 Jybeam, compared with 0.90 /beam in the split mode map. For this reason,
the combined mode was adopted, so the datacubes are prodsiogdthe averaged

spectra bykrrr.

5.1.4 DC level correction -RrLCOMB

Despite the improvement of the spectra throughtyesminbandpass estimator, the
ZOA longitude scans cannot provide a real minimum for thedpass correction on
the Galactic plane where emission fills the whole scan. TH&\SE declination scans

cross the plane at an angle of 30° in the longitude range under study and there-
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Figure 5.4: Maps of the peak line temperature from the ZOR&-@8tacube reduced in
the combined (left) and split (right) modes (Section 5.1829ng with the diference
map, combined minus split (bottom). These show the sinyiafithe results obtained
when gridding the averaged or the individual spectra. Theetimaps are on the same
scale.

fore yield a real minimum for the bandpass estimation. Téisanfirmed by looking
at HIPASS and ZOA spectra in Figs. 5.5 (a) and (b): the ZOA pethas a sig-
nificant negative close to the RRL which is not seen in the Fi8Apectrum. The
negative is caused by the presence of emission at the freguen- 13992 MHz

(V ~ 36 km s?) along the ZOA scan, which results in a lower peak tempeedfioir

the line, compared with that from the HIPASS spectrum. Fig.shows the peak line
intensity maps from the ZOA and HIPASS 032 datacubes. Theravwtegration time

of the HIPASS survey is reflected in the rms noise of its sp@ci27 mJybeam com-
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Figure 5.5: Spectra taken at, b)=(33".1,-0°1) from the ZOA-032 (a) and HIPASS-
032 (b) datacubes. Both data sets were reduced as desarmilsettions 5.1.1, 5.1.2
and 5.1.3.
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Figure 5.6: Peak line intensity maps from the ZOA-032 (laeftyl HIPASS-032 (right)
datacubes. The intensity scale is the same as in Fig. 5.4.

pared with 6.8 mJypeam for the ZOA spectrum and in the striations seen in the map

along the scanning direction. The rms noise measured away tine Galactic plane

in the HIPASS map is 6 mJyeam, twice the value of the ZOA map. Nevertheless, the

HIPASS map recovers more extended emission on the Galdatie pwhich is also
stronger. A simple averaging of the two datasets would Istiliffected by the loss of
flux from the ZOA survey.

The rms of a spectrum is henceforth defined as the standardtidevestimated

from a reference region either side of the line, excludirgdiatapoints between20
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Figure 5.7: (Top) Map of the 032 DC level cube at 1399.118 Mb& G km st). The
intensity range is from-10 to 20 mJybeam. (Bottom) The ZOA latitude profiles at
¢ =320 andV = 53.6 km s, before (left) and after (right) the DC level is added.

and 160 km st; the rms of a map is the standard deviation measured in regioay
from the Galactic plane, typically &t = 3° — 4°.

In order to determine theffset of the ZOA survey, the ZOA datacube is subtracted
from the HIPASS datacube. Thefidirence cube shows horizontal features, expected
due to the dterent zero levels of the ZOA scans in longitude. The DC levided
added back to the ZOA cube is the median of thEedence cube at each Galactic lat-
itude and spectral plane. Fig. 5.7 shows a cut throughf the32° DC level cube at
1399.118 MHz (53.6 km$). The map shows that, at this velocity, théset between
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Figure 5.8: ZOA-HIPASS combined spectrum at b)=(331, —0°1), obtained using
equation (5.3).

the ZOA and HIPASS RRL emission is larger at negative lagtud his is visible com-
paring the latitude profiles in Fig. 5.7, which show the ladi# cuts, at = 32°.0 and
V =536 km s, of the ZOA cube before and after DC level correction. Theshag!
of the RRL emission ab < 0° becomes positive after arfieet of~ 10 mJybeam is
added. The level of emission on the Galactic ridge is alsoovgd, where it increases
by nearly a factor of 4 & = —0°4 and the negative &t= +0°5 is strongly suppressed.
The emission ab = +1°5 in the initial ZOA cube is mainly unchanged by théset

addition, which means that it is detected at a similar lew¢he HIPASS cube.

The combination of ZOA and HIPASS data

The next step is to combine the ZOA DC level-corrected culib thie HIPASS cube,

which is done as follows:

(5.3)

COMB- (5><(ZOA+ DC) + HIPASS)'

6

This takes into account the fact that the scan density of DA Zurvey is 5 times
that of the HIPASS survey. The combined spectrunvah)&(33.1, —0°.1) is shown

in Fig. 5.8. The peak flux of the line increases by20% compared with the ZOA
spectrum of Fig. 5.5 (a) and the negative is greatly redudddwever the rms of

the spectrum is degraded from 6.8 to 15.0 fhéam and acquires the slope from the
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HIPASS spectrum baseline of Fig. 5.5 (b). Thefieas arise in the the DC level
correction where, besides contributing to the signalsHHASS data adds noise into
the ZOA data. This is more significant for the weak spectraydvean the plane, where
the baseline curvature of the HIPASS spectra combined WweHdw integration time
create the artifacts seen in the peak line temperature mago5.6 (b).

In order to avoid noise contamination of the ZOA spectra,aswlecided only to
apply the DC level correction in pixels and channels wheedd® spectrum diers sig-
nificantly from the noise. This threshold operation on thelBx&l spectrais performed
after they are Hanning smoothed and baseline fitted, usiffycaider polynomial. For
a given pixel and channel, values below the lower threshs®tifo 5 mJjpeam, are
not applied, whereas those at or above the upper thresioit,J¥ybeam, are applied.
Values in between are applied only if adjacent to a value altbg upper threshold.
As a result, the DC correction is mainly added to the ZOA gpefdr |b| < 1° and
between the frequencies of 1398.8 and 1399.2 MWz (10— 120 km s?), so in the
velocity range where the RRL gas is expected to emit.

To further improve the spectra, reducing any remaining specegatives and base-
line curvature, additional smoothing and baseline fit wegiad. The extra smoothing
is done with the Tukey filter instead of the Hanning filter,fpreed in the initial analy-
sis of thet = 40° cube (Section 4.1.2). This gives a final resolution of 20 kinSec-
tion 3.2.2). The fit is performed by a function within theepara distribution, a robust
and iterative polynomial baseline fitter. A'4legree polynomial fit was found to pro-
duce more stable baselines as compared to lower order fits.spéctral baseline fit
over 3.2 MHz, 51 channelsffectively removes thefiect of baseline ripple of period
5.7 MHz (Section 3.2). The DC level correction process dbsdrabove, including the
spectral smoothing and baseline fit of the spectra are peddrby a new algorithm,
RRLCOMB, also included in thervebara distribution.

Figure 5.9 shows the spectrum of the final combined cube tis\@rb)=(33".1, —0°1).
The negative at 1399.2 MHz in the initial ZOA spectrum of Fig5 (a) is now at the

noise level. The rms of the spectrum is 4.4 fhdam. The corresponding peak line
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Figure 5.9: The spectrum of the finekLcoms cube at {, b)=(33"1, —-0°1) (left) and
the corresponding peak line intensity map (right). Thensity scale is the same as in
Fig. 5.6.

intensity map, in Fig. 5.9, shows that more extended emsisigecovered on the
Galactic plane and that individual sources have higher fieaktemperatures. The
emission generated by noise and baseline curvature detastsy from the plane in
the HIPASS map of Fig. 5.6 (b), especially at negative ldag) has indeed not been
propagated into the combined map. The map maximum and mmihme intensities
are 948 mJgpeam and-1.8 mJybeam and the rms away from the Galactic plane is
2.0 mJybeam.

The previous examples show the improvement of the specttiasoBalactic plane,
where the signals are strong and where the DC level is apphigd 5.10 shows how
spectra away from the plane change with.coms. Here the DC level is not applied
and the final spectra are the weighted mean of ZOA and HIPA&S @akew Tukey
smoothed and baseline corrected. The sign® at50 km s? in Fig. 5.10 (a) is lost
in the noise and curvature of the baseline in the original Zp&ctrum with an rms
of 11.7 mJybeam. After therLcoms procedure the rms of the spectrum is down by a
factor of 2.3, to 5.0 mJ¥peam. Fig. 5.10 (b) shows that the RRL signal of amplitude
~ 10 mJybeam is now at a2 level. Figs. 5.10 (c) and (d) show a similar improvement

in the spectral baseline of these weak signals out of theoBalalane. The rms of the

MARTA ALVES 139



5: RRL DATA ANALYSIS - AN IMPROVED METHOD

Easas T
20 @ ] 2o ® .
10 ; -
E £ g
< <
[ o
2 o E 2
~ r ~
B =
= E =
3] E g
~10F E
-20F H —20F E
. . . i . . . En . . i . . .
—-300 -200 -—100 0 100 200 300 -300 —-200 -—100 0 100 200 300
Velocity (km/s) Velocity (km/s)
15[ ] 15T
F(© ] )
10f ] 10F B
51 B 51 ]
E 1 g
< ] <
& | &
< o ¥ < o 7]
B ] =
= r 1 =
g [ ] g
—s5F E 5[ ]
—10F B —10fF ]
—15L L L L I L L L —15L L L L I L L L
—-300 -200 -—100 0 100 200 300 -300 —-200 -—100 0 100 200 300
Velocity (km/s) Velocity (km/s)

Figure 5.10: Comparison between spectra from the origil@A£left) and the final
rRrRLcOMB (right) 032 cubes for two regions out of the Galactic plange@ra in the top
and bottom panels are taken & l)=(286,-2°1) and ¢, b)=(29.4, +2°4), respec-
tively.

spectrum is also decreased by a factor of two, from 6.0 to 2@ghbeam. A value of

~ 3.5 mJybeam is found to be the typical rmsmfLcoms-032 spectra at high Galactic
latitudes. Still, Figs. 5.10 (b) and (d) also demonstrat tinrther improvement on the
baselines around these weak signals can be achieved ifeahothrorder and localised

polynomial fit is applied. This process is described in thet section.

5.1.5 Post-processing baseline removal

In order to leave the spectra from the Galactic plane andratineng Hr regions un-
changed, a mask is computed based on the signal-to-noigefdhe line. The rms
noise is calculated for each spectrum, which is kept uredtéits signal-to-noise ratio

is above a certain value. This value is set to 4.5 after chvesual inspection of the
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Figure 5.11: The mask created by the signal-to-noise ratalition, showing in black
where the spectra from tharcoms-032 cube are left unchanged (left) and the spec-
trum for the Hi region W43 (right).

spectra, so as to mask only those that have flat baselinesxa&npde of a masked
spectrum is shown in Fig. 5.11 for thaillegion W43 at {, b)=(30.8, 0°0). The verti-
cal lines depict the velocity range used to calculate theilitegral ~20 to 150 km st.
This range includes RRL emission from locat kegions, such as W40 at 0 kmtsto
the highest velocity emitting gas in tiie= 32° region, at~ 100 km s* (Paladini et al.
2003). Even in the case of RRLs at the high velocity end, titegral range excludes
the helium and carbon lines (Section 2), as seen in the specfthe Hi region W43.
The map in Fig. 5.11 is the mask created by the signal-toenigo threshold. This
essentially traces the strong individuatl kegions.

For the regions that have a line signal-to-noise ratio belosvthreshold value of
4.5, a second order polynomial fit is applied with two sets afameters that divide
the 130 km s! range into two sections. If the spectra corrected with tre fit yield
negative line integrals, this means that the line is likaybe in the other velocity
range, thus the second fit is applied. Because inftke32° region the bulk of the
RRL emission originates in the Scutum spiral arm, the firsteftiovers high velocity
RRL emission by excluding the velocity range 60 to 120 krhand the second fit

excludes the RRL range of 0 to 70 km'sIn both cases, a second order polynomial
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Figure 5.12: The two polynomial fits applied to the spectréheff = 32° cube, if the
signal-to-noise ratio is below the defined threshold of % outer and inner vertical
dotted lines depict the fit and RRL velocity ranges, respelti The dashed lines are
the velocity limits for the line integral calculation.

fit is performed with a:100 km s?! baseline either side of the RRL range. This set
of parameters was chosen after careful inspection of thetispacross the cube, when
fitted with different polynomial degrees in various combinations of v&jocnges.
Fig. 5.12 (a) shows the spectrum centred §i)=(30°7, —1°.3), for which the first set

of baseline fitting parameters are adequate to recover th@ mJybeam line aVv ~

90 km s?. In the case of the lower RRL velocity, ~ 40 km s?, in the spectrum of
Fig. 5.12 (b), the second fit is applied. This proce$satively removes fine structure
in the baseline ripple.

The new RRL pipeline described in this chapter was used tdym® the cubes
040, 032 and 024. Theftierence in the reduction of each data cube is on the velocity
parameters of the post-processing baseline fit, which wieossen accordingly to the
RRL emission velocity at each longitude range. These argepted in Table 5.1.

As a summary of the previous sections, Fig. 5.13 shows aaiagepresentation

of the RRL data reduction process.
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Figure 5.13: Schematic representation of the RRL pipelescdbed above, from the
raw spectra to the final RRL spectral cube.
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Table 5.1: The velocity ranges (in km'$ used in the post-processing baseline re-
moval and line integral, described in this section. Colums the velocity range over
which spectra with signal-to-noise ratio above 4.5 aregrated; columns 3 and 6
(RRL) give the velocity range excluded from the fit, which &fermed in the velocity
range given in columns 4 and 7 (Fit); columns 5 and 8 give thgeabver which the
line is integrated.

No fit First fit Second fit

Cube | Integral | RRL Fit Integral | RRL Fit Integral
¢{=40C¢ | -20,120| 10,100 -50,160 -10,120| 50,110 -50,210 4Q120
=32 | -20,150| 60,120 4Q140 -10,120| 0,70 -50,210 -20,90
(=24 0,150 | 70,120 -60,250 7Q120 | 10,70 -90,170 1Q70

5.2 Properties of the final datacubes

Following the diterent data reduction process presented in this chapteatased in
the previous analysis of the ZOA-040 data cube (Chaptehd)nbage properties have

changed and significantly improved.

5.2.1 Spectral noise and resolution

The spectral resolution is now 20 km'sinstead of 27 km 3, after additional Tukey
25% smoothing is applied to the data, in place of Hanning $hwoeg. The typical
noise level in each channel is 3.5 Midgam, or 3.0 mK, which is consistent with the
theoretical noise of the ZOA survey (Section 3.1.2). The ohspectra for strong
Hu regions is~ 4 — 5 mJybeam, caused by the rise of the continuum emission which

produces the baseline ripple.

5.2.2 Spatial resolution

The final spatial resolution, is altered by thé&drent gridding algorithm used and it can
be estimated via simulations, which inject false Gaussiamces into the data prior to
imaging. The simulations show that for the weighted mediaaiding algorithm, the

broadening of the intrinsic 14.4 arcmin beam is negligidtmwever the real beams

144 DIFFUSE RRL EMISSION ON THE GALACTIC PLANE



5.2: PROPERTIES OF THE FINAL DATACUBES

Table 5.2: The RRL map final beam width. The estimation is mesileg two sources
for which the sizes are obtained from the 2.7 GHEeEberg map at 4.3 arcmin reso-
lution (Reich et al. 1990a). The errors are from the fittinggaduremrir.

RRL map
Source Size Observed Size Beamwidth
(arcmin) (arcmin) (arcmin)
W40 (6.0+0.3)x(5.7+0.3) (162+04)x(149+0.4) (15.0+0.4)x(13.8+0.4)
W49 (29+0.2)x(1'8+0.2) (158+0.4)x (149+0.4) (155+04)x (14.7+0.4)

of the telescope can only be accounted for by measuring zles sif compact sources
in the final maps. Ideally, a number of sources should be usethk only isolated
Hu region in the area of the sky under study is W40 (G28.8). W49 (G43.20.0),
which is even smaller than W40, can be also used; even thauglon the Galactic
plane, this Hi region is very bright and relatively isolated. The tagkir within aips is
used to fit a Gaussian profile to both sources in the total rated RRL map and deter-
mine the observed sizes. In order to get the beam widthsg wesdeconvolved with
the dfective size of the objects, as seen at the higher frequercthigher resolution
survey by Reich et al. (1990a). The results, shown in Talledse consistent within
the errors. The average beam size i884ith an error of 06, which is consistent with
the intrinsic resolution of 14 arcmin and with the simulations. This result shows that
the similar widths of the 13 beams (Section 3.1.1) are awstam the sky to give a

final resolution of 148 + 0.6 arcmin.

5.2.3 Data calibration

The spectra, in units of Jyeam, are calibrated using extragalactic point sources and
then converted into units of brightness temperature usijugton (3.2) Q, in equation
(3.2), is set to the main beam of 14.8 arcmin, so that the spact calibrated in the
point source scale. However, due to the fact that no beam almation is applied
when the data are gridded, the flux for point sources is loavgr¢he final cubes. This

is controlled by the cut4b radius, since the final value for a given pixel is the median
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Table 5.3: Correction factors to be applied to the flux mearsients made on the
images gridded using a 6 arcmin cut-adius.

FWHM (arcmin) 0 5 10 15 30 60 120
Scale factor 1.20 1.17 112 1.09 1.03 1.01 1.01

Table 5.4: Correction factors to be applied to the flux mearm@nts of point sources
made on the images gridded usingfeiient cut-d radii.

Cut-dof radius (arcmin) 6 5 4 3 2 1
Scale factor 1.20 1.12 1.07 1.05 1.03 1.02

of all the data that are within a certain distance from it. Getions show that for a
cut-of radius of 6 arcmin, the peak fluxes of point sources are usterated by 20%.
This is due to the fact that for point sources the data away tiee peak are at a lower
value, therefore the average is lowered. For extended ssutite &ect is less because
the data away from the peak are not much lower. Table 5.3 stit@wsorrections to be
applied when gridding with a 6 arcmin radius, as a functiothefsource size.
Regridding a map with a progressively smaller ctitradius, should render higher
peak fluxes for point sources, since less averaging is paeddiin the gridding process.
Fitting a Gaussian profile to the 032 map at the velocity ckeatimat corresponds to
the RRL peak of W40, at 0 knt} shows that the peak flux of this compact source
increases 17% with decreasing cuf-@dius, from 6 to 3 arcmin. However, the peak
flux decreases in the 2 and 1 arcmin ctitradii cubes. Even though the ZOA survey
is well sampled, the 032 cube gridded with a 1 arcmin diitadius has some empty
pixels. Other possible causes of this decrease are thevegbatsition between the pixel
and the data that contribute to it, or the increased sudmkfytiof the final spectra
to systematic fects. Table 5.4 shows the correction factors, from simoieti to
be applied to point source fluxes, as a function of the d¢utaxii used to grid the
cubes. Although the peak flux of point sources is only undenated by 5% if a

3 arcmin cut-@ radius is used, compared to 20% using 6 arcmin, the resiwdpegtra
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5.2: PROPERTIES OF THE FINAL DATACUBES
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Figure 5.14: Map of integrated RRL emission, in units ofodam km st from ¢ =

20° to 4&and|b| < 4°, from the diference between the 4 arcmin minus the 6 arcmin
cut-of radii cubes. This identifies the sources, W49 and W40, whHezecalibration
correction is significant.
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Figure 5.15: Map of the quotient between the RRL integral sn&om the
cubes reduced with 4 arcmin divided by 6 arcmin cfit-tadius, in units of
Jy/beam km st from ¢ = 20° to 44and|b| < 4°.

are noisier. Measurements of the rms of spectra away frorG#iactic plane for the 6
and 3 arcmin cut- radius cubes, give 4.8 meam and 7.9 mJgeam, respectively.
Also, the rms of the corresponding RRL peak line temperanaps are 2.0 mJlgeam
and 3.8 mJgpeam.

Table 5.4 indicates that the 4 arcmin cuf-@dius cube produces fluxes for point
sources that are 12 per cent higher than in the 6 arcminf€u&dius cube. Therefore,
subtracting the corresponding line integral maps shouthathe identification of the

regions whose flux needs to be calibrated. Fig. 5.14 showdiffezence between the
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RRL integral map from the cubes derived with 4 and 6 arcmirotitadii. The spectra
are integrated 40 kntieither side of the line using thariab taskmoment which was
set to reject spectra belowr2 The Hi regions W49 and W40 are identified as well
as two Hi regions in the W43 group, G30:0.0 and G29.9-0.0. W43 is an extended
group of Hi regions, the brightest in this region of the Galaxy. The nmapig. 5.15
is the quotient between the line integral maps from the 4 aadcéin cut-df radii
cubes. It indicates that in fact the level of correction ie W43 complex is not greater
than 10 per cent. The expected ratio of 12 per cent for pountcgs is measured at the
position of W49 and WA4O0.

Since the bulk of the total RRL emission in the maps is extdnds it will be
shown in the next Chapter, | use the 6 arcmin cflittadius maps with no correction
factor applied. This cut{d radius is used because it provides an adequate flux scale

with an error of approximately 10 per cent for extended sesiio a low noise cube.

5.3 The distribution of RRL emisson from ¢ = 20° to
44

5.3.1 The¢ =40 cube

The total RRL emission map for the= 40° region is shown in Fig. 5.16. The max-
imum and minimum of the map are 5.6 an@.1 K km s, respectively and the rms
noise away from the Galactic plane is 0.06 K knh. SThis map recovers the individual
Hu regions at a similar level of emission to that derivedfer 40° in Chapter 4 using
the previous analysis based on ¥meMmep5 algorithm (Fig. 4.16). Importantly, it is
less noisy, with less negatives and striping features. &lgest negative is now at a
1.70 level, whereas before it was atr4 More extended emission is recovered on the
plane at the high longitude end of the map, where the negatiletobe next to the
strong Hi region W49 has now disappeared.

The diference map between the present and the previous resultws1shd-ig.
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Figure 5.16: Map of the total integrated RRL emission in the= 40° cube (in
K km s). The contours and non-linear colour scale are the same Bigin4.16.
The resolution of the map is 14.8 arcmin.

5.17. Its rms noise, dominated by thewep5 map, is 16% of the maximum which
corresponds to 0.09 K knts The minimum and maximum arel.04 K km s at
(¢,b)=(37°.2,+0°8) and 1.02 K km ¥ at (£,b)=(37°.2,+0°.0), respectively. The remain-
ing artifacts in the present map are due to residual basefieets, but they onlyféect

a small number of pixels for which the optimal baseline fgtjparameters cannot re-
cover the whole RRL signal. Anotheffect contributing to the diierence between the
two results is the fact that the previous analysis was baseal 4 order polynomial

fit to overcome the diicult baselines; this could have slighlty overestimatedRRL
signal in some areas. Therei$%% increase in the extended emission at high latitudes
in the present map. This is the result of more stable spduaisglines even away from

the plane, which also provide the lower rms in the RRL integganap.
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Figure 5.17: The dierence map of the total integrated RRL emissiofi at 40° (in

K km s1) from the present analysis (Fig. 5.16) minus that of the ijoues analysis
(Fig. 4.16), described in Chapter 4. Théfdience is in percentage units relative to the
maximum line integral, which is 5.6 K kntsfor both maps.

5.3.2 Thef = 32 cube

The map of the total RRL emission in tife= 32° region is shown in Fig. 5.18.
Well-known Hi regions are identified in the map, as well as théudie RRL emission
on the Galactic plane. The maximum and minimum of the map &R km s* and
-0.2 K km s%, respectively, and the rms noise measured away from thecatdane
is 0.05 K km st. Thus, the largest negative of the map&ab)=(29.4,2.2) is at a 4
level. Low-level striping at a .Bo- level is visible below the Galactic plane.

The dynamic range of W40, defined as the ratio between thermamiintensity
and the maximum artifact around it, is 34; negative sidedode at a the 3 level.
The dynamic range can be caused by noise or systematicse lcate of W40 it is
likely that systematic féects, probably related to be sidelobes of the beam, are the

main cause. The negative &it{)=(34"7,-0°4) is caused by the SNR W44, which has
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Figure 5.18: Map of the total integrated RRL emission in the= 32° cube (in
K km s1). Contours and colour scale are the same as in Fig. 5.16,aslitlitional
contours at 100, 140, 180, 220, 260, 300, 340 and 380 per €&2@K km s1. The
resolution of the map is 14.8 arcmin.

a flux density and size at 1.4 GHz of 272 Jy and 23 arcmin (Aké&nét al. 1970).
Therefore, this strong continuum source produces basdistertions that result in a

spectral negative at 1399.8 MHz (95 km s?) in its surrounding pixels.

5.3.3 Thet = 24° cube

The total RRL emission map recovered from the 24° cube is shown in Fig. 5.19.
The maximum and minimum of the map are 10.2 adL K km s, respectively, and
the rms noise is 0.04 K knts The largest negative of the map is at thBe2level,

at (¢,p)=(25°.2,-3°.8). Individual well-known Hi regions are recovered, as well as a
ridge of difuse emission betweebl ~ 1°. The RRL emission features that extend to

positive latitudes af = 25°5 and¢ = 21°5 are at a 20 and 3r level, respectively, and
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Figure 5.19: Map of the total integrated RRL emission in the= 24° cube (in
K km s1). Contours and colour scale are the same as in Fig. 5.18. &lwution
of the map is 14.8 arcmin.

are seen in continuum maps at 1.4 GHz, such as the map preésetie next section
(Fig. 5.20). There is a sharp cuffon RRL emission which causes the contours to
lump aroundb ~ +1°; above that latitude the RRL signal is weak-4 mK, only

~ 1.60- above the rms noise of the spectra. This asymmetry in laitsidlso visible in
the continuum map in Fig. 5.20. Despite the similarities,lttw diffuse RRL emission
abovelb| ~ 1° may be partly due to sidelobdfects caused by the strong and narrow

continuum emission from the Galactic plane.

5.4 The Parkes 1.4 GHz continuum map

The 1.4 GHz continuum map from the combination of HIPASS a@d4lata, for the

region¢ = 20° to 44, is presented in this section. The analysis of the contindata
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was carried out by Dr. Mark Calabretta. In particular, theAZDC level correction
and the combination of the HIPASS and ZOA datasets, wereteddmm the con-
tinuum analysis to the spectral recombination line study. tRe continuum map, the
bandpass correction uses the minimum-running-mediamiomed algorithm, with

a box size of 10 integrations. The continuum bandpass-ciedeand calibrated files
are then gridded using the same parameters, namely thegieglthe cut-fi radius,
smoothing kernel and no beam normalisation, as those ugkd imaging of the RRL
data. Following the gridding of ZOA and HIPASS data, the migpseach 8 x 8°
zone are corrected for the DGfset, through an iterative process. First the ZOA and
HIPASS datacubes are gridded and subtracted in Galactidicabes, where the DC
levels are averaged in Galactic longitude and then addedtbabe ZOA cube. Then,
the datasets are gridded and subtracted in equatorialicated, where, this time, fea-
tures along the declination direction are averaged. AReritierative process to correct
for the zero levels, the final map is gridded in Galactic comtes using the same
parameters irsripziLLa as those used to produce the RRL cubes. Furthermore, the
calibration factors in this map are the same as in the RRL m&jis point source
correction is applied.

In order to assess the overall calibration of the Parkesimamin map, the inte-
grated flux of a few sources was calculated and compared hithdsults from the
1.4 GHz Htelsberg map (Reich et al. 1990b). The continuum sourcesttad fvith
a Gaussian profile using thers mriT task in both maps, where thetglsberg map is
spatially smoothed from 9.4 to 14.8 arcmin. The results hosve in Table 5.5, along
with the corresponding errors from the fitting proceduree Biror on the ratios of the
weakest sources, W45 and RCW179, is mainly due to the factitbp are surrounded
by an extended emission background, whidleets the fit. For W40 and W49, the
error on the integrated flux is less than 12%. The average bbatiween the flux den-
sities for these sources is0¥ with an rms of QL3, which shows that the two datasets
are consistent. The positive bias of the ratio is due to toetfat the point source

correction factor has not been applied to the Parkes camtinmap. Therefore the flux
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Table 5.5: Integrated intensities and measured sizes d¢incm sources fitted from
the Hfelsberg and the Parkes 1.4 GHz maps. Thel&berg map (Reich et al. 1990b)
is smoothed to the same resolution;84of the Parkes continuum map. The errors on
the flux density and sizes are from the fitting procedure; tha &ars are the same for
both dimensions of the source sizes, therefore only one sreasurement is given.

Effelsberg (E) Parkes (P)

Source Flux Size Flux Size Ratio /(B

density (Jy) (arcmin) density (Jy) (arcmin)
G28.8+3.5 W40 32+4 (16x16)+1 26+ 3 (15x14)+1 123+0.21
G40.5+2.5 W45 8+ 4 (17x16)+5 9+4 (18x17)+5 0.89+ 0.60
G43.2-0.1 W49 825 (220x 15.7) £ 0.9 69+ 4 (210x153)+ 0.8 119+0.10
G41.1-0.3 355 (21x19)+2 36+5 (23x21)+2 097+ 0.19
G36.3-1.7 RCW179 147 (26x 23)+ 10 13+ 6 (26x 23)+ 10 108+ 0.73

1.07+0.13

densities of compact objects are expected to be underdstirhgs 20%, as indicated
in Table 5.3.

The contour map of the 1.4 GHz Parkes continuum for thex2&° region under
study is presented in Fig. 5.20, along with the contour pfdhe thermal brightness
temperature estimated from the RRL line integral. The lirighs temperaturdy,,
was calculated using 7000 K for the electron temperaturén &ection 4.3.1. Fig.
5.20 shows that the 032 region is the strongest in continasmpmpared to the other
two zones. This is mostly due to the W43i ltegion at ¢,b)=(30°.8,+0°.0) and the
SNR W44 at {,b)=(34°7,-0°5), that peak at 79 K and 67 K, respectively. Well-known
Hu regions and SNRs can be readily identified by comparing tloentaps.

A thorough comparison between these results, as well as @osops with other
datasets at elierent frequencies and the implications of the adopted vafug, =

7000 K, will be discussed in the next chapter.
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Implications for Galactic and CMB

science

In this Chapter | present the main results of this work and thglications for Galac-

tic and CMB science. It is organised as follows: in sectidhtBe electron tempera-
ture of the thermal emission is derived along with the best-firee map for the region

¢ = 20° to 44. This map, when subtracted from the total continuum, ersatble syn-
chrotron emission to be derived for the same region, whignesented in Section 6.2.
Sections 6.3 and 6.4 give the list ofillegions and SNRs extracted from the free-free
and synchrotron maps, respectively. In Section 6.5 | complae free-free latitude
distribution of the thermal emission with WMAP andvHiata. The velocity and ra-
dial distribution of the RRL gas in the Galaxy is presente&éction 6.6 and finally

Section 6.7 shows two examples of He and C RRLs from the presevey.

6.1 Teof the thermal emission from¢ = 20° to 44°

In this Section | present a method of determining the electeamperature for the
diffuse ionised component which is used to estimate the finaffeeebrightness tem-

perature map.
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6.1.1 Method to determineT,

The maps of total and thermal brightness temperature freZ®A and HIPASS sur-
veys allow the separation between the free-free and sytromremission at 1.4 GHz.
At this frequency, the emission from the Galaxy is domindigdhese two compo-
nents, thus the synchrotron is the total minus the freedstienated from the RRL data.
Using the total continuum and free-free maps of Fig. 5.20sthrechrotron emission is
obtained for a fixed electron temperaturelgf= 7000 K across the region. The longi-
tude distribution ab = 0° of the three components is shown in Fig. 6.1. The decreases
in the synchrotron emission indicated by the arrows areetated with the free-free
emission. For those Hregions, the assumel, = 7000 K for the dffuse emission
overestimates the free-free producing an apparent dexiedbe synchrotron. When
the electron temperature of anilfegion is higher than 7000 K, as is the case of W40,
the derived synchrotron is overestimated which producas@ease.

The variation ofT in discrete Hi regions with longitude, or Galactic radius, is
well known and can be taken into account by applyingThe Rg relationships de-
rived by Shaver et al. (1983) and Paladini et al. (2004) tdRR& integral map, where
the Galactocentric distance is calculated using the RRboigl information and a
Galactic rotation curve. Applying the Paladini et al. (2Dp@lationship to correct the
free-free map foiT,, results in the synchrotron distribution given by the datiee in
Fig. 6.1. It can be seen that the decreases are partly sgepdrasd the synchrotron
distribution is smoother. However, there is a spreaddrat a given Galactocentric
radius as shown in Fig. 2.6. Therefore, and in order to agmappropriatd, correc-
tion for the difuse Hi under study, | chose to derivela — Rs relationship using the
present continuum and RRL data.

The line-to-continuum ratio is one of the most precise meéshaf determining the
electron temperature of an ionised region (Section 2.5il)this survey has the ad-
vantage of providing both the line and the continuum data@stime resolution, after

going through the same reduction pipeline. However, to uggaton (2.41) to cal-
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Figure 6.1: Comparison between the total continuum, the-firee estimation from
the RRLs and the synchrotron, versus longituddy at 0°. The full and dotted red
lines represent the synchrotron when the free-free is ddrfirstly using a constant
value of T, = 7000 K and secondly using tig — Rg relationship from Paladini et al.
(2004). The arrows show three regions of decrease in theatksiynchrotron emission
coincident in shape and position withikegions.

culateT,, the continuum temperature must correspond to the theramaponent only
S0 any remaining synchrotron emission underlying tierégjion has to be subtracted.
The method adopted to deal with this degeneracy problemsischan the fact that the
synchrotron longitude distribution is relatively smoo#s, shown in Fig. 6.1. Thus,
for an Hi region away from a strong synchrotron emitting source, gnekground syn-
chrotron emission can be estimated by taking the averags tfnigitude distribution
either side of the source. A detailed description of the methith further examples

is given in the next sections.
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6.1.2 Examples ofT¢ variations in the diffuse emission

Figure 6.2 (a) shows the longitude profiles of the total canim, free-free and syn-
chrotron atb = 3°5, where the free-free is estimated using the constant vaflue
Te = 7000 K. The synchrotron distribution is smooth with an ageraalue of~ 3.5 K
away from the compact object W40. Fig. 6.2 (b) gives a zoommithe Hi region W40
centred at = 28°.8. The synchrotron distribution shows an increase coedlatith the
free-free distribution which indicates that the electremperature of this hiregion is
higher than 7000 K. The longitude extent of W40 is estimatethfits free-free dis-
tribution and given by the inner vertical lines. The backgrd synchrotron emission
is the average of the synchrotron distribution estimateivéen the outer and inner
vertical lines. This restricted range in longitude is to@aat for the broad emission
component underlying W40 which is considered to be synobinamission, since itis
not seen in free-free. Sidelob&ects on the RRL map around this strong and compact
source are a possible cause of the negatives seen aroundS&diioq 5.3.2) but are
not likely to suppress the broad emission if it were to be-free since it is observed
in the total continuum from the same survey. The resultimgchyotron background is
Tsyne = 6.0 £ 0.6 K and is shown as the horizontal line betweena 29°.3 and 283 in
Fig. 6.2 (b). The error offgy,, 0.6 K, is estimated from the rms of the synchrotron
map measured away from the Galactic plane.

Figure 6.3 shows the longitude profiles of the total contmuéree-free and syn-
chrotron for two other H regions, G25.80.2 and G20.7-0.1. The free-free is esti-
mated using the constant valueTaf = 7000 K and the derived synchrotron shows a
decrease at the position of each source. Thesegions have an electron temperature
lower than 7000 K, as it will be shown in Section 6.1.4. Thecsyntron background is
estimated between the inner and outer vertical lines tauebecthe object and is shown

as the horizontal lines in each figure.
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Figure 6.2: Longitude cut & = 3°5, through the K region W40. The synchrotron
background is the mean estimated between the outer andvierimal lines in (b), and
the result is given by the horizontal line betweea 29°.3 and 283.
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Figure 6.3: Longitude cut db = +0°2 andb = -0°1, through the sources (a)
G25.8+0.2 and (b) G20.7-0.1. The black line represents the totatimoum, the blue

is the free-free withT, = 7000 K and the red is the synchrotron. The synchrotron
background is the mean estimated between the outer andverteral lines and the
result is given by the horizontal line (Section 6.1.4).
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6.1.3 Estimate of the electron temperature

To deriveT,, | use equation (2.41) in the form:

Tc - Tsync)_l'l5

[TLAv

wherea, in equation (2.12), is assumed to be/d,;, = 1.4 andfTLAV is in units of

T, = 284739x ( 6.1)

K km s1. The thermal brightness temperature is th&adence between the continuum
temperature at the central longitude of the kigion and the estimated synchrotron,
Tt = Tc — Tsyne The line integral is also taken at the centre of the souroe W40,
Tc =247+ 06 K, Ty = 187+ 0.2 K, fTLAV = 51+ 05K km s?. The error
bars on the continuum, free-free, synchrotron and linegiratieare taken as the rms of
the respective maps away from the Galactic plane, whichheme propagated into the
electron temperature using equation (6.1). The derivecirele temperature for W40
is 8770+ 560 K. Table 6.1 compares publish&g values with the results from this
work. It includes W40 and the twoiHregions in Fig. 6.3, whos&, was obtained in
the same way. There is a good agreement in the results, eekpitiferent angular
resolutions and frequencies of the published observatiemsexample, the kHregion
survey by Quireza et al. (2006) at 8.6 GHz and 3.2 arcmin vl detects W40 with
an angular size of 8.5 arcmin, similar to what is found in thask (see Section 6.3.1).

| have also used thers proceduremmrrr to fit a Gaussian profile to W40 on the
continuum and line integral maps. The resulfés= 23.0+ 0.6 K, which is equivalent
to T¢¢ since a background was subtractedmstr, andf TLAV =6.2+0.1 K kms™.
Therefore, T = 8770+ 250 K. This result is in good agreement with the previous
value of 8770+ 560 K which shows that the method of estimating the syncbnotr
using the longitude cuts gives reliable values. A procedweh asmrr would be
ideal to subtract the synchrotron background fromreigions, but it is less reliable on

the Galactic plane due to the strong emission and sourcesiomni
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Table 6.1: Published electron temperatures for therégjions W40, G25.-80.2 and
G20.7-0.1 compared with the values found in this work.

Hu Region Downesetal. (1980) Wink etal. (1983) Quireza et28106) This work

W40 - 8000+ 1400 8450t 70 8770+ 560
G25.8+0.2 6200+ 2500 5000t 800 6120+ 100 6060+ 290
G20.7-0.1 590@- 2500 7100t 900 5590+ 90 5340+ 290

6.1.4 TheTedistribution as a function of Galactic radius

In order to obtain the relationship, — Rs, the discrete H regions used to estimate
Te must cover a wide range of Galactocentric radii. The lordgtiangel = 20° —
44 includes emisson betweah ~ 0 — 100 km s?, which is equivalent tdRs ~
4 - 8.5 kpc. The Galactocentric radius of am kegion at longitude and velocityV is

obtained by combining equations (2.49) and (2.50):

~ 22164R,
B + V/sin() + 0.44R,

(6.2)

whereRg is in kpc,Ry = 8.5 kpc and®y = 220 km s? (Section 2.5.1). A group of 16
Hu regions was selected for this study. Even though there are oiects in the field,
these are the iregions with clearer longitude profiles combined with thet fénat
their RRL spectra have only one velocity component. Tahk?eli6ts the Hi regions
with the corresponding velocities and Galactocentricatises, along witlc, Tsyne
Ts¢, fTLAV and the derived’e. The background synchrotron level varies between
~ 4 -125 K and increases along the Galactic plane towards loweitlotes, as seen
in Fig. 6.1.

The electron temperatures obtained for the I6réfions are shown in Fig. 6.4 as

a function of the Galactocentric distance. The best lin¢#o the data gives:
Te = (3467+ 463)+ (501+ 96)Rs (6.3)

where the absolute errors dn are taken into account by the fitting proceduie,

unFir. As shown in Fig. 6.4 this result is in general agreement \lign Paladini
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Table 6.2: List of Hi regions selected for the study of the electron temperat@niaton
with Galactocentric distanc&g is calculated using the RRL central velocity, listed in
column 2, and equation (6.2) wifRy = 8.5 kpc. T¢, Tsyne T+, fTLAV are obtained
from the longitude profiles using the method described irtétefor W40; the errors,
taken as the rms measured on the maps away from the Galaatie, j@re 0.6 K, 0.6 K,
0.2 K and 0.5 K km &, respectivelyT. is calculated using equation (6.1).

HuRegion  V Re  Tc Tene Trr [TLAV Te
(kms?) (kpe) (K) (K) (K) (Kkms™) (K)
G405+25 268 71 95 50 45 1.3 83601590
G37.8-0.1 536 61 211 6.4 147 6.0 618840
G37.7-0.2 536 61 223 73 150 5.8 652850
G36.3-17 669 56 7.0 38 32 1.3 6240480
G35.6t0.0 536 60 194 88 106 4.0 6650110
G33.1-01 937 48 157 86 7.1 3.3 556525

G30.9-0.1 93.7 46 61.0 89 521 23.7 566090
G30.%#0.0 93.7 46 773 104 66.9 30.9 558070
G30.0-0.1 93.7 46 61.0 89 521 23.7 578080

G28.8+3.5 0.0 84 247 6.0 187 5.1 8741560
G27.1+0.0 93.7 44 209 86 123 4.8 6580140
G25.8+0.2 107.1 40 27.7 100 17.6 7.4 606@90
G24.8+0.1 107.1 39 289 84 205 9.1 579@40
G23.5+0.0 93.7 41 274 120 154 7.4 54880
G22.9-0.3 66.9 48 33.7 125 212 9.2 587020
G20.7-0.1 53.6 50 232 103 129 6.3 534290

et al. (2004) and Shaver et al. (1983) results, even thoughhhve larger samples of
objects. The dference between the three lines is mainly caused by the laditaf
points beyond the solar radius in the present sample anavthkigherT, values from
the local Hi regions W40 and W45. There is an intrinsic scatter at anyrgRegin all

studies due to the fierent properties of eachiHegion.

6.1.5 The total free-free brightness temperature

| am now in the position to convert the RRL map into free-freiglitness temperature
at each pixel using the deriv8d—-R; relationship. In order to automate the calculation

of Rs and thusT, at each position, | use the velocity that corresponds to tiwamum
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Figure 6.4: Thel, — Rg relationship derived from the results in Table 6.2. The klac
line gives the best linear fit to the data points (equatioB)jéand the blue and green
lines are the Paladini et al. (2004) and Shaver et al. (1982)lts, respectively.

of the RRL spectrum estimated betweeB0 to 160 km s in equation (6.2). Two
issues arise with this method. The first is that some speatra two velocity compo-
nents, therefore using the peak velocity assigns all theson to a single radius, and
the second is that away from the plane the peak velocitieafiaeted by noise.

For the double-peaked spectra, the electron temperatun@dsbe the mean of
the two velocity contributions, weighted by the line intities. However, some lines
are blended due to the spectral resolution, which makedfitdlt to separate the
two line temperatures in an automated way. If one line corepgnwith tempera-
ture T, ,, is dominant then the meah is also dominated bye,. Only if T, and
T,, are comparable do€k result from a significant contribution from both compo-
nents. As an example, the spectrumé&b] = (25°4, +0°1) shown in Fig. 6.5, has
Ty, = 79 mK atV = 107 km s* andT,, = 82 mK atV = 53 km s. The correspond-
ing Galactocentric distances are 4.0 kpc and 5.4 kpc, réspBc Using equation
(6.3), Te, = 5470+ 850 K andT,, = 6170+ 980 K. The mean electron temperature
at this position is thus 5828 1300. This shows that adoptifig that corresponds to
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Figure 6.5: Spectrum at(b) = (25°4, +0°1), showing two velocity components, at
V = 107 km st andV = 53 km s, of similar intensity.

the brightest line component isfgient given the accuracy on tiig — R relation-
ship with further uncertainties in the estimation\6fandRs. For spectra away from
the plane, even though the maximum of the line may correspo@drandom veloc-

ity within the —30 to 160 km s! range, the signals are weak therefore the free-free
emission is not significantlyfeected. As a result, the electron temperature map for the
region¢ = 20° — 44° derived using equation (6.3) and the RRL velocities has mmimn

and maximum values of 4900 K and 8590 K, respectively, wittaegrage value at

b = 0° of 6080+ 970 K.

The final and best free-free map, obtained usingTihe Rg relationship in the
conversion of the RRL line integral at each position, is shawFig. 6.9. The changes
are relatively small compared with the map in Fig. 5.20, wharconstant value of
Te = 7000 K is used. Fig. 6.6 shows the latitude distribution flwoth maps, averaged
over the 24 longitude range. The latitude profiles are very similar andenthe same
FWHM of 0°.8. This shows that the free-free emission is a narrow distidin around
the plane. The peak of the free-free profile with= 7000 K is~ 1.25 times that of
the the free-free with varyinge, reflecting the lower mean value ¢ ~ 6000 K on

the plane.
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Figure 6.6: The free-free brightness temperature estunfaten the RRLs versus lat-
itude, average over the= 20° — 44° longitude range, using 4 arcmin latitude bands.
The full line results from using th&. — R relationship in equation (6.3) and the dotted
line from adopting the constant value™f = 7000 K.

6.2 The synchrotron emission

The synchrotron emission can now be obtained by subtrathimdree-free estimated
from the RRLs with varying electron temperature from thetowum. Fig. 6.7 shows
this synchrotron contour map. Well-known SNRs are iderttifirethe map, whose list
will be presented in Section 6.4, along with a broad backgdoemission falling to

~ 4 K at|b| < 4°.

There are some positive and negative residuals at the positia few Hr regions.
W40 and W48 (G35.2-1.7) are likely to be underestimatedda-firee emission caused
by an underestimation of their electron temperatures. énctse of W40, the broad
emission underlying the compact source is thought to be wfthermal origin (Section
6.1.2). The opposite applies to W47 (G37.8-0.1) and W43 (&BQL). These are
groups of several hiregions, unlikely to be characterised by a sinblevalue.

Figure 6.8 (a) gives the synchrotron emission versus Edit@averaged over the

24° range in longitude, using 4 arcmin latitude bands. The thnes are the dierent
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Figure 6.7: Map of the synchrotron emission at 1.4 GHz an8l a&rtmin for the region

¢ =20° — 44, |b| < 4°. The contours are given at every 1 K from 3to 10 K, every 2 K
from 10 to 20 K and then every 5 K up to 80 K. The first two contaneslabelled in
the map.

20°< € <44° 24°< £ <34° and 35°5< ¢ <42°5
] 1 B e B

)

Brightness Temperature (K)
Brightness Temperature (K)

Galactic Latitude (°) Galactic Latitude (°)

Figure 6.8: The synchrotron emission versus latitude, ayerover two longitude
ranges using 4 arcmin latitude bands. The full line is forghesent synchrotron map,
obtained with theT, — Rg relationship, the dotted line is fofe = 7000 K and the

dashed line is foll = 5000 K.

synchrotron results usin@e = Te(Rs), Te = 7000 K andT, = 5000 K in the free-
free estimation. The similarity between the three plots|iipr> 1° reflects the fact
that the RRL line integral is low away from the plane, and ¢h@re the synchrotron
emission is the major contributor at 1.4 GHz fbf > 1°. The contribution of the
strongest SNR in this region, W44 (G34.7-0.4), is visibldat —0°4. Fig. 6.8 (b)

is an average ovef = 24° — 34 plus¢ = 35°5 — 42°5 in order to exclude four of
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the brightest SNRs: W44, W41 (G23.3-0.3), Kes69 (G21.3-amsl W49B (G43.3-
0.2). The smoother distribution given by the full and dashees in Fig. 6.8, with
relation to the dotted line, seems to indicate that the mlademperature of the fluse
ionised gas on the Galactic plane is similar to that of théviddal Hu regions and not
higher. The averagé, atb = 0° of ~ 6000 K produces a mean synchrotron level on
the plane of~ 9 K, which increases te 11 K if T, = 5000 K. Therefore, the error of
~ 1000 K on the best fit for the electron temperaturb at0° produces a dierence in
the synchrotron amplitude of 2 K.

The free-free map henceforth refers to the result of comgithe RRL line inte-
gral into brightness temperature usiig = T¢(Rg), which when subtracted from the

continuum produces the synchrotron map.

6.2.1 Comparison with the continuum

Figure 6.9 shows the continuum, free-free and synchrotroisgon maps, plotted in
the same linear intensity scale. The corresponding lagitlidtributions are shown in
Fig. 6.10, for thef range 20to 44, using 4 arcmin bins. It shows that the synchrotron
is the dominant emission at high latitudes, where the free4fas fallen to a low value
of 0.1 - 0.2 K. On the Galactic plane, the synchrotron accounts-f60% of the total
emission.

The synchrotron distribution appears to have two companeone with a FWHM
of ~ 10° and a narrow Galactic plane component with a FWHM-a2°. Separation
of Galactic thermal and non-thermal components has bedorperd by means of the
correlation between infrared and radio emission (Broatleéal. 1989) or according
to their different spectral indices (Reich & Reich 1988; Paladini et@D52 Sun et al.
2011). Sun et al. (2011) use their recent survey at 6 cm, alatigthe Htelsberg
data at 11 (Reich et al. 1990a) and 21 cm (Reich et al. 199®9bggarate thermal and
non-thermal emission between®18 ¢ < 60°. The derived synchrotron map shows a

similar narrow component to that found here. This compoiteidientified here for the
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Figure 6.9: Maps of the total continuum (top), free-freeddie) and synchrotron (bot-
tom) emission at 1.4 GHz and 14.8 arcmin resolution. Thefiree is estimated from

the RRL integral using th&. — Rg relationship from equation (6.3). The synchrotron

is the diference between the continuum and the free-free emissioshawves a narrow
diffuse emission confined to the plane.
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Figure 6.10: Comparison between the total continuum, tee-free and the syn-
chrotron emission, versus latitude, for the longitude ethg 20°-44°, using 4 arcmin
latitude bands. The black line represents the continuuebthe is the free-free and
the red is the synchrotron.

first time by direct subtraction of the free-free emission.
Once the broad component©f3.5 K is taken @ the synchrotron, the contribution

from the narrow component is comparable to that of the free-bn the plane.

6.3 Catalogue of Hr regions

6.3.1 Catalogue from the present work

Using the free-free map from the present work a catalogueofdgions with their
angular sizes and fluxes at 1.4 GHz has been created. | had&isdractor, a source
extractor program (Bertin & Arnouts 1996). The main paraengto adjust in SEx-
tractor are the background mesh size, filter function, detet¢hreshold and minimum
area. The background size used is 16, which correspond touimber of pixels of
each mesh where the background is estimated. The input i2dpxs8° with 4 arcmin

pixels, so the mesh i8 1°. This parameter produces a smooth background map with
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the Galactic plane ridge. A Mexican hat filter of width equal3t pixels, similar to
the 14.8 arcmin beam, was used to allow the detection of wealdsmaller sources.
Other filters were tested, such has the Gaussian of same, Widtthe objects detected
are mainly the brightest and most extended. The source hegdad over more than
2 pixels to trigger a detection with a threshold eof above the background rms. The
estimated background rms by SExtractor is 0.28dgm, therefore the threshold limit
is 0.53 Jybeam. SExtractor also performs deblending, to separataipesnultiple
components, controlled by the contrast parameter whichtigos0.005. The SExtrac-
tor parameters were tuned to recover objects on the Galalene with sizes consistent
with what is seen in the free-free map and known from highgolgion surveys?).
Table 6.3 lists the 57 Hregions extracted from the free-free map. The position
of each source is found in the filtered map by computing thé dirder moments of
the rectangle which encloses the pixels detected abovehteshibld. The object is
fitted for an elliptical shape whose parameteendb are computed from the"@order
moments. They represent the maximum and minimum spatialdispersion of the
source profile and correspond to the ellipse major and miris;, aespectively. The
position angle (P.A.) listed is the angle between the seajonaxis of the source and
the longitude axis, measured counter-clockwise. Once ¢hiece is detected in the
filtered image, its peak flux is measured directly from thauinpap and subtracted by
the background. The error on the peak flux is estimated usiegrhs errors on the
free-free and background maps. | use the peak flux and thevaussize to calculate

the flux density assuming a Gaussian profile for the source:
(6.4)

whereSp is the peak flux in Jypeam and fwhm is the beam FWHM of 14.8 arcmin.
The error orS is estimated using the errors & and the errors oa andb, which are
given by SExtractor. The maximum error on the observed siZearcmin. A source of
5 arcmin in size is observed by the 14.8 arcmin beam with a efienof 15.6 arcmin.

This small broadening of the beamwidth istaiult to measure, especially for a weak
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Galactic latitude (°)
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Figure 6.11: The free-free map of the regibr= 44° to 20, with the 57 Hr regions
listed in Table 6.3. The ellipses are drawn using the semomnand minor ellipse
parameters and the postion angle. The contours are givet,&.6, 1, 1.5, 2 and 2.5
and then at every 1 K from 3 to 10 K, every 2 K from 10 to 20 K andhtaeery 5 K
up to 80 K. The first eight contours are labelled in the map.

object within the noise. For the objects whose apparentiarsmaller than the beam
area, the flux density is the same as the p&k; Sp. In such cases, the P.A. has a
large uncertainty. Table 6.3 also includes a validatiompeater, which is produced by
various detection and measurement processes within Sfoatréf the flag is equal to:
1 the object has bright neighbours; 2 the source was origibhé&nded with another
one; 3 means that case 1 and 2 apply. Column 9 in Table 6.3 shaivdeblending
occurs mainly in the i complexes W47{ ~ 37°.5), W43 (¢ ~ 31°), W42 ({ ~ 24°.5)
and att ~ 23°5.

Figure 6.11 shows the position of the 57 extractedégions on the free-free map.

This illustrates the orientation and size of each objeatcted by SExtractor.
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Table 6.3: Hi regions in the regiod = 44° to 207, extracted from the present free-free
map using SExtractor. Column 1 numbers each object; colihaml 3 are the coor-
dinates; columns 4 and 5 give the angular size of the sourasatandb deconvolved
with the 14.8 arcmin beam, which @when the object is less than a few 6) ar-
cmin; column 6 is the angle measured counter-clockwise éatvihe semi-major axis
of the source and the longitude axis; columns 7 and 8 give ¢laé pnd flux density
at 1.4 GHz; column 9 gives the internal flags generated by r8Extr (see text); col-
umn 10 identifies a source by its commonly used name as in thdiRiet al. (2003)
catalogue.

Number ¢ b 0a 6, P.A. Peak Flux Flag Name
) € 0O (O () Qybeam) Jy)

1 4318 000 104 63 -45 256+36 41267 O WA49A
2 4254 -021 97 p -76 60+13  68+18 0

3 4206 -058 17 p -9 37+09  37+09 0

4 4163 010 49 p -19 47+09  47+09 0

5 4108 -019 217 p 11  80+12  101+20 O

6 4054 251 61 p 68 45+10  45+10 0 W45
7 4000 -137 p p O  41+12  41+12 0 S74
8 3938 -017 68 p 33 50+13 5013 2 NRAO591
9 3823 -014 122 p 19 124+29 124:29 1

10 3784 -025 171 17 47 178+39 273+65 3 w47
11 3760 -001 322 p -43 166+33 320+73 2 w47
12 3721 -012 55 p 24 120+25 120+25 3

13 3691 -016 p p 46 62+20  62+20 0

14 3650 -020 p p O 33+18  33+18 0

15 3634 -167 24 p -9 43+11  43+11 0 RCW179
16 3565 -081 52 p 45 50+17  50+17 2

17 3559 -001 101 77 86 105+24 144+36 0

18 3527 103 p p O  38+12  38+12 0

19 3519 -169 274 p 53 79+14 13730 O w48
20 3488 000 159 116 69 92+25  171+50 O

21 3474 -077 p p 32 32+17  32+17 0 w44
22 3452 -105 p p 47 38+12  38=12 0

23 3427 013 199 p 2  123+30 165+44 1 w44
24 3357 -006 212 p 51 77+24  82+29 0

25 3314 -010 165 79 -45 96+24  164+44 0 Ke78
26 3222 -017 129 p -15 77+23  77+23 1

27 3217 010 24 p 70 66+20  66+20 1

28 3193 -037 p p 2 84+25  84x25 1
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Number ¢ b 0a 6 P.A. Peak Flux Flag Name
() € (0O (O () ybeam) Jy)
29 3190 147 p p 0 22+0.6 22+0.6 0 RCW177
30 3149 -021 61 p -9 151+36 151+36 3
31 3086 -074 49 p 12 84+28 84128 0
32 3081 -002 291 122 -11 824+163 2363+506 1 \W43,M51,Ke76
33 3027 -0.19 319 p 26 324+6.4 660+147 3
34 2993 -0.05 182 106 83 242+48 475+ 103 2
35 2921 008 140 p -29 100+32 101+36 O
3 2909 -065 p p -73 4l+24 41124 0 RCW175
37 2880 2349 109 58 -52 190+30 306+54 O W40
38 2874 Q017 249 113 -43 131+37 320+96 1
39 2818 -0.02 290 p -34 101+31 179+ 6.0 1
40 2741 -013 68 p -18 78+30  78+30 3 3C387
41 2717 003 106 p -75 130+45 107+33 2 3C387
42 2666 -014 217 p 2  149+39 227+45 1
43 2613 -0.07 p p 0 108+ 4.3 108+ 4.3 3
44 2577 014 250 99 -78 165+55 391+134 3
45 2539 -020 145 106 -64 250+7.2 431+130 3 W42,Ke72
46 2522 031 p p 18 80+58 8058 0 Ke71?,RCW173
47 2458 Q17 339 101 19 240+78 725+243 3 w42
48 2455 -0.16 292 71 -2 254+79 621+ 20.2 3 W42
49 2362 022 171 86 53 191+ 5.7 336+ 105 3
50 2343 -017 306 52 -30 224+58 548+150 3 w41
51 2303 060 p p O 20£22 2022 0 S57
52 2293 -035 247 159 -13 233+53 667+163 3 w41
53 2240 -0.00 124 p 90 76+22 76+22 2
54 2222 -0.17 77 p 6 85+23 85+23 3
55 2178 -017 179 142 37 80+18 174+ 43 0 RCW168
56 2074 -010 136 81 -14 171+33 265+56 O Ke68
57 2027 -077 p p 90 29+07  29:07 0
6.3.2 Comparison with the Paladini et al. (2003) catalogue

In this Section | compare the catalogue of sources from tlesgmt work with the

Paladini et al. (2003) catalogue, which is the most extengv of Hir regions to date.

It is the compilation of 1442 objects from 24 previously pabéd lists, containing

RRL velocities for~ 800 objects and has been used to study the spatial distnibuti
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of Hu regions in the Galaxy (Paladini et al. 2004). The recentesuby Bania et al.
(2010), at a wavelength of 3 cm and 82 arcsec resolution, ldduithe number of
sources in the longitude rangel6° to 67 but the list of objects is not yet publicly
available. Such catalogues can be used to study the coragomrof Hi regions at
the high CMB observing frequencies (Paladini et al. 2008}, dlso to separate the
contribution of individual sources from theftlise emission.

The flux densities in the Paladini et al. (2003) cataloguette longitude region
under study, are essentially from the 2.7 GHz survey by Retlie. (1984) at a resolu-
tion of 4.3 arcmin. | have selected W40 and W49 and also a gobtijn regions from

Table 6.3 to compare with the higher resolution cataloguPdigdini et al. (2003).

Compact Hu regions

W40 and W49 are the only Hregions where a calibration correction of 20 per cent
has been applied in Table 6.3, for the reasons discussediin®é&.2.3.

W40 is listed in the Paladini et al. (2003) catalogue as G2BBwith a flux den-
sity of 340 + 3.4 Jy at 2.7 GHz and size%+ 2.0 arcmin. Its flux density at 1.4 GHz,
37.3 + 3.6 Jy, is obtained by extrapolating the 2.7 GHz value usingeztsal index
a = —-0.1 (S « v*). The flux density listed in Table 6.3 is B+ 5.4 Jy and the size
is 10.9 x 5'.8. The possible explanation for the remaining discrepancy involves
Te. The possibility of W40 being optically thick at 1.4 GHz, whiwould generate a
lower flux extrapolated from 2.7 GHz, is ruled out. This isé@d®n the spectral index
a = 0.0 given by Altenhdf et al. (1970), from the flux measurements at 1.4, 2.7 and
5 GHz with a~ 10 arcmin beam in each case. The electron temperature etitéon
W40 in Section 6.1 is 8778 560 K, whereas the actual value used in the conversion
of RRL line integral into free-free temperature is 7680 Kgrfr equation (6.3) with
Rs = 8.4 kpc. This diference inT, generates a flux density 1.16 times lower, thus the
Te-corrected flux is 3% + 6.3 Jy which is consistent with the flux from the Paladini
et al. (2003) catalogue.

In the case of W49, the flux density obtained in this work i244 6.7 Jy. The
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optically thin assumption in the extrapolation of the 2.7 Z3Hix densities from the
Paladini et al. (2003) catalogue does not apply to W49 whscah known complex of
UCHT regions (de Pree et al. 1997). For this object, | use the flsitlemeasured at
1.4 GHz and 9 arcmin resolution by Altenfiet al. (1970), 47 Jy, as opposed to the
scaled flux density from the 2.7 GHz catalogue, 57 Jy. TheaeS8IR component of
W49 10 arcmin away from the iHregion. They are commonly referred to as W49B
and W49A, respectively. For this reason it iffdiult to estimate the synchrotron back-
ground underlying the Hregion, therefore I did not estimate its electron tempeeatu
in Section 6.1.4. The publishéld for W49 by Quireza et al. (2006) is 829064 K
whereas the value used in the conversion of RRL line intégtalfree-free tempera-
ture is 7340 K, given by equation (6.3). The Galactic distansed iR; = 7.7 kpc
for a peak line velocity of 13 km3. To correct for this, the flux density of W49 is
multiplied by (82907340}*° = 1.15. The final value of 44 + 7.7 Jy is consistent
with 47 Jy, the flux density given by Altenficet al. (1970).

Groups of Hu regions

In a complex of hi regions the 14.8 arcmin beam cannot resolve the individom-c
ponents, thus comparing the total integrated flux with trdévidual fluxes from the
Paladini et al. (2003) is not straightforward. Moreovee faladini et al. catalogue is
a compilation of results from various authors, whose suswegre performed with dif-
ferent telescope beam sizes, at several frequencies. Quicthe, the large beam from
the Parkes survey is likely to produce higher fluxes for a gigeoup of Hi regions
since it includes the diuse emission around the individual components and also from
the possible underestimation of the local background.

The 2.7 GHz survey by Reich et al. (1984), at a resolution 8fatcmin, was
used to identify the individual H regions within a group. For example the object
G25.7#0.14 listed in Table 6.3 can be seen in the 2.7 GHz map as a go@p
Hu regions: G25.70.0 and G25.80.2. These are listed in the Paladini et al. catalogue

with angular sizes of 2 + 1.4 arcmin and 6 + 2.5 arcmin, and velocities 58 +
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1.1 km st and 1104 + 0.9 km s, respectively. Their flux densities, extrapolated
to 1.4 GHz usingr = -0.1, are 28 + 0.5 Jy and 19 + 5.0 Jy. The RRL spectrum

at (¢,b) = (25°8,0°14) has two velocity components, 53.6 and 107.1 kf Shis
means that the emission is indeed arising from these twoegjions, but the sum of
their fluxes does account for the measured flux 0139134 Jy, in Table 6.3, with an
angular size of 25x 10'. The large error bar is in part explained by the flag parameter
which indicates that this source was initially blended vétbright neighbour, as Fig.

6.11 shows.

6.3.3 The latitude distribution of individual H it regions

In this Section | investigate the latitude distribution bé&tHr regions from the higher
resolution Paladini et al. (2003) catalogue and comparetit thiat from the present,
lower resolution catalogue.

There are 264 Hregions in the Paladini et al. (2003) catalogue in this |tuug
range, for which fluxes at 2.7 GHz are given, but only 159 ofriliiave RRL velocities.
Some of the remaining 105 objects correspond to known orilplesSNRs (Section
6.4). The 2.7 GHz flux densities for the 159 objects are ertedpd to 1.4 GHz as-
suming the free-free is optically thin therefore well appmated by a power law with
a = —0.1. At a resolution of 14.8 arcmin the free-free emission istiyodominated
by low density, extended iHregions, with a small contribution from UGHegions.
The example of the hregion W49, for which | use the published flux density at
1.4 GHz from Altenhd et al. (1970), shows that assuming optically thin emission a
most dfects the results by 20%.

In order to compare the Paladini et al. (2003) catalogue aerdptesent list of
sources, the flux densities and sizes are used to simulatestaaprofiles and create
two maps of hi regions. These are smoothed to 14.8 arcmin resolution ameeced
into brightness temperature using equation (3.2). The ewispn is shown in Fig.

6.12 (a) as a function of latitude, averaged over the whatgitade range. The two
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Figure 6.12: (a) Comparison between the contribution frove 159 Paladini et al.
(2003) sources (dotted line) and the 57 sources from exltrfaten this work (full
line), versus latitude. (b) Separation between tHeude emission and the emission
from individual Hr regions at 1.4 GHz. The full line represents the total freef
emission and the dotted is the contribution from the SExtradn regions. Both plots
are for the longitude range 2@ 44 with 0°2 latitude bins.

distributions are very similar, with FWHM of°@8 and 053 for the Paladini et al.
and SExtractor lists, respectively. The present catalogciedes the more extended
emission around and between features which is not includelle higher resolution
Paladini et al. (2003) catalogue, which is missing0% of the flux.

It is also of interest to quantify how much of the free-fretatdlux is contributed
by the individual Hi regions, as extracted in this work. Fig. 6.12 (b) compares th
latitude distribution of the H regions recovered with SExtractor with that of the total
free-free emission, in the longitude rang€ 2944°. It can be seen that theiHlegions
are a narrower distribution than the totaffdse emission, with about half the FWHM.
This is consistent with the narrower distribution of the GBrs around the plane, with
a FWHM of ~ 70 pc (Bronfman et al. 2000), compared with the thin disk difudie
Hu derived from pulsar Dispersion Measures, with a FWHM~0160 pc (Reynolds
1991). The gas in the thin disk is ionised by the UV light frorB 6tars that escapes
the Hi regions around them. The z-distribution of théfdse emission is further in-

vestigated in Section 6.6.3. The individuak Fegions account for 30% of the total
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free-free emission in this region of the Galaxy.

6.4 Catalogue of SNRs

The synchrotron map derived in this work, as the best meadgsynchrotron emission
at 1.4 GHz, enables the detection of synchrotron featurest of which are SNRs.
The source extractor algorithm SExtractor has been apfidise synchrotron map of
Fig. 6.7 in order to create a list of SNRs in the regtoa 44° to 20°. The background
mesh size, the filter function and the detection minimum areathe same as for the
free-free map but the detection threshold is decreased Ztonl50. The rms of the
resulting background map is 0.69/Bgam and the threshold limit for a detection is
therefore 1.03 Jpeam. As for the free-free map, the Mexican hat filter onlpwat
for the brightest and more compact SNRs to be detected. @ljke the dituse and
extended SNR W50, which is not detected using this filterioncis recovered if the
Gaussian filter is applied since it does not remove large langgales. Therefore, |
use both filters to compile the list of SNRs. Table 6.4 givesahgular size, postion
angle, peak and flux density for the 26 SNRs recovered by 8&xitr. Their positions
and sizes are illustrated in Fig. 6.13.

Green (2009a) gives the most recent compilation of Gal&NRs along with an
online* detailed version of the 274 sources, which is regularly tgdlal his catalogue
is based on research in the published data and lists theangaé, flux density at
1 GHz and spectral index for each object. It contains 36 SMRIse range = 20° to
44, 23 of which are detected in this survey and listed in Table Bhe remaining three
sources detected, objects 3, 4 and 10, are not in the Gregloga¢ and are described
in more detail in the next section. The Green catalogue alsssdhe distance to the
SNR, when known. Most of the distances to compact SNRs imegisn of the Galaxy
have been revised using the Very Large Array (VLA) Galactane Survey (VGPS,
Stil et al. 2006) H observations.

Ihttpy//www.mrao.cam.ac.ykurveygsnrs
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Table 6.4: SNRs in the regioh= 44° to 20, extracted from the present synchrotron
map using SExtractor. The column descriptions are the same &able 6.3. The
last column identifies a source by its commonly used name #seilGreen (2009a)
catalogue. The Flag parameter 16 for the first and last SNBdlimmeans that the
object’s aperture data are incomplete or corrupted, whsctiuie to this object being
near the image boundary. The 7 objects with the star symdolée¢he number are
those extracted using a Gaussian filter.

Number ¢ b 0a 6 P.A. Peak Flux Flag Name
) ¢ 0O (O () Qybeam) y)

*1 4398 160 354 254 -77 20+11 101+58 160
2 4323 -013 160 p 58 298+13 497+55 00  WA49B
*3 4212 -021 5134 411 78 38+13  403+144 10
*4 4145 039 268 203 1  43+14  150+51 10
5 4110 -030 p p -3 133+15 160+18 00 3C397
*6 4058 -045 340 280 -13 50+16  269+92 30
*7 3978 -234 1134 532 73  49+13 1413+403 170 W50
8 3922 -032 42 p -14 127+18 127+18 00 3C396
*9 3661 -083 210 p -51 23+14  40+24 00
10 3559 -044 p 55 67+15 67+15 00
11 3468 -044 260 154 -56 712+16 2081+186 00 W44
12 3367 006 p 43 103+16 103+16 00  Kes79
*13 3321 -051 79 14 23+14  23+14 00
14 3286 -005 p -1 65+15 65+15 00 Kes78
15 3189 004 39 25 147+17 147+17 00  3C391
16 2969 -0.27 80 79+20 95+24 00 Kes75
17 2861 -0.05 ~72 86+18 86+18 00
18 2775 060 0 109+14 109+14 00
19 2737 000 51 89+13 107+16 30 4C-04.71
20 2473 -070 p 90 54+15 5415 00
21 2458 062 101 23 114+17 127+32 00
22 2317 -024 88 81 130+23 145+41 20 W4l
23 2267 -024 173 73 155+20 241+51 00
24 2181 -057 145 34 325+20 51062 00 Kes69
25 2150 -087 p 0 82+21  98+25 00
26 1994 -021 171 —47 120+17 164+43 160

©

T T T ©T

T T 5 NT T T TTTTOT DT T
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Galactic latitude (°)

Galactic longitude (°)

Figure 6.13: The synchrotron map of the regioa 44° to 20, with the 19 SNRs listed
in Table 6.4. The ellipses are drawn using the semi-majonaindr ellipse parameters
and the postion angle. The green ellipses show the 7 SNRseétgsing the Gaussian
filter. The contours are the same as in Fig. 6.7.

From the 13 SNRs listed by Green (2009a) that are not detbgt&dExtractor, the
brightest object is G26:0.3, with flux density at 1.4 GHz of 7.2 Jy and angular size of
10 arcmin. At this position in the synchrotron map there i®ardase of about 37 per
cent in flux compared to the local background, which is dudnéoptresence of strong
RRL emission, both diuse and from the kregion number 49 in Table 6.3. Green
(2009a) points out that this object is not well resolved améhia complex region.
The second brightest SNR, G38.X.0, has a flux of 5.2 Jy and size’2418. This
SNR is on a ridge of emission on the synchrotron map, thezafodificult to detect.
The remaining SNRs are mostlyfilise and have flux densities below 2.7 Jy, which is
comparable with the lowest flux density in Table 6.4, detdtg SExtractor. Some
SNRs in the Green list are poorly defined, without angulagsar flux measurements.

The flux densities listed in Table 6.4 are subject to calibrafactors due to the
imaging process. Since the synchrotron map is tlfieidince between the continuum
and free-free maps, it is not straightforward to identifg gynchrotron sources to be
corrected as it was performed in Section 5.2.3 for the free-bbjects. | use the angular
sizes listed in the Green catalogue to identify the objdwtdre less than 5 arcmin in

size, thus whose flux in Table 6.4 is increased by a factoraf These are SNRs 2,
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5, 16, 19 and 25. The corrected flux density & 9 2.4 Jy for Kes75 agrees with the
value given by Green (2009a), 7.9 Jy, when extrapolated4@Hz using the listed
spectral indexr = 0.7. The flux density of 4% + 5.5 Jy for W49B is 50% higher than
the value given by Green (2009a), 32.3 Jy. This is due to #teeddi~ 16" x 5’ fitted to

this source, which is’4x 3’ in the Green catalogue, and also because W49B is likely
confused with its thermal counterpart W49A.

Most of the sources in Table 6.4 are smaller than the bean, gizes and flux
densities are in overall agreement with the values in theGoatalogue. For example
the strongest SNR in this region of the Galaxy, W44, is fittethe present synchrotron
map with a size of 2® x 15.4 and a flux density of 208 + 18.6 Jy. The flux density
given by Green (2009a) for W44 is 203 Jy at 1.4 GHz, extrapdlatom 1 GHz with

the listed spectral index = 0.37, and the angular size is’3627'.

6.4.1 Comments on individual synchrotron sources

G42.12-0.21 and G41.4%.39- These objects in Table 6.4 correspond to two of the
three SNR candidates by Kaplan et al. (2002). The angulas €ind flux densities
found here are larger than the values obtained by Kaplan@Q2) using the 1.4 GHz
NRAO VLA Sky Survey (NVSS, Condon et al. 1998) data, which megolve out
some of the emission. This can also be due to the fact that thes faint objects
are recovered with the Gaussian filter, thus are likely to deflesed with the strong
background on the plane. Moreover, they are both flagged dadaright sources
nearby. The third possible SNR in Kaplan et al. (2002), G43.6, is too faint in the
NVSS to derive a flux density and it is indeed only marginalisiMe, at a~ 1.20
level, in the present synchrotron map.

G35.6-0.4- The SNR G35.6-0.4 has been recently re-identified by Gre@do(2),
using VGPS and data from other single-dish surveys at hiffeguency to confirm
the non-thermal spectral index of this object. The SNR inse¢he VGPS map with

a size of~ 15 x 11’ and has an flux density of 7.8 Jy. These results are consigitnt
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what is found in this work, & + 1.5 Jy for a relatively compact source of size similar
to the beam.

The resolution of the 2.7 GHz data (Reich et al. 1984) is varylar to that of the
100um data by Miville-Deschénes & Lagache (2005). This is ideahvestigate the
spatial coincidence between dust and radio continuum @mniswhich can be used
to distinguish between idregions and SNRs (Haslam & Osborne 1987; Broadbent
et al. 1989). The radio to dust ratio is higher for SNRs thanHa regions, since
dust is not usually associated with synchrotron emissidms €orrespondence helps
us understand that the artifacts seen in the synchrotron amaynd the H region
complexes W47, W43 and W42 are correlated with individuatégions, and are thus
caused by electron temperature variations. On the othat,lthe lack of significant
dust emission for a radio emitting source points toward ath@mmal origin. This is
the case of the sources &) = (30°.1, +1°3) and ¢, b) = (21°.0,+2°0) in Fig. 6.13,
which show strong emission in the 2.7 GHz map but have nqb®0ounterpart. Both
sources are extragalactic, even though ofilp) = (21°0, +2°0) is currently identified

as such in the literature.

The double-lobed radio sourcg?, b) = (30°.13, +1°34)

The contour map of Fig. 6.14 (a) is the VGPS 1.4 GHz emissigdh@fadio source.
At this survey of resolution 1 arcmin a double-peaked featarclearly visible. The
elongated structure of this source has been detected at feegeiencies, in particular
at 74 MHz in the VLA Low-Frequency Sky Survey (VLSS, Cohen |le2807). The
catalogue from this survey gives a flux density of3¥l+ 4.24 Jy and an angular size
of 2.05x 0.59 with a 1.3 arcmin beam. At 1.4 GHz, the survey by Reich €1890b)
at 9.4 arcmin resolution gives a flux density 062+ 0.05 Jy for a slightly extended
source of angular size less than 11 arcmin. The higher résplaurvey at 2.7 GHz
(Reich et al. 1984) detects a source of ¥ 4.3 size and flux density of.37+ 0.04 Jy.
Combining the three measurements results in a spectrat iode = —0.71 + 0.05,

which is within the observed values for a SNR (Green 2009ayextheless, the shape
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Figure 6.14: (a) Contour map of the radio sourégof = (30713, +1°34) from the
VGPS survey at 1.4 GHz and 1 arcmin resolution. The contaergiaen at every 5%
from 5 to 90% of 0.92 Jy, which corresponds to the maximum ensibuthern lobe.
The first 4 contours are labelled. (b) The $pectrum from the VGPS survey against
the radio source, taken af,p) = (30°.15,1°31) (full line). The dotted and dashed
lines are the fi source spectra, measured at the same latitude and longjibfi@é.13
and 3117, respectively. The thick long-dashed line is the absomgpectrum of the
source which shows that absorption is detected at all vi#@gcinside and outside the
Solar circle, confirming its extragalactic origin.

of the radio source and its angular size points toward aragatactic origin. Helfand
et al. (1992), on their 20 cm study with the VLA and identifioatof 1457 compact
sources near the Galactic plane, also suggest that this exteagalactic object. If
this is the case, such a bright and extended object, has lgyobaen missed from
extragalactic source catalogues due to its proximity tad3a&actic plane.

| have used VGPS Hilata to confirm that/( b) = (30°.13, +1°.34) is a radio galaxy.
The latitude coverage of the VGPS Bpectral cubelb] < 1°315, only includes the
southern lobe of the source, which is enough to obtain andoeoenspectra on and
off the source. These are shown in Fig. 6.14 (b).ablsorption against the object is
detected at all velocities including negative velocitiebjch gives the confirmation
that ¢, b) = (30°13, +1°.34) is outside the Galaxy.

This interesting object deserves further study at highguéar resolution.

MARTA ALVES 185



6: IMPLICATIONS FOR GALACTIC AND CMB SCIENCE

6.5 The free-free latitude distribution of Ty, - Compari-

son with other data

In Section 6.1.5 the distribution of free-free emission wiasived on and near the
Galactic plane. In this Section, other data are used to coergrad extend our analy-
sis of the free-free emission, namelyyrHWMAP total power and maximum entropy
method (MEM) estimate of the free-free. In order to provida@e sensitive determi-
nation of the latitude distribution up {b| = 4°, the free-free emission is averaged in

longitude.

6.5.1 The Hy latitude distribution

| follow the approach of Dickinson et al. (2003) to derive the latitude distribution.
WHAM, the sensitive kK survey of the northern sky provides a map with accurately
determined baselines at a resolution~080 arcmin (H#&ner et al. 2003). This map is
then corrected for absorption by Galactic dust using thdegeh et al. (1998) 100m
map corrected to a fixed dust temperature of 18.2 K. The tbsdtion (for an extra-
galactic object) at the wavelength ofiHs estimated as (0462+ 0.0035D" magni-
tudes wherd' is the 10Qum temperature-corrected intensity in MJy*srDickinson
et al. find that the fective absorption for Galactic emission~s0.3 of this value, so
the corrected it intensity isIZ" = 1y, x 10°P™0018% This 0.3 factor.fy, represents
the relative distribution of the gas (Hl and dust in the line of sight at intermediate
and high Galactic latitudes. When thffextive absorption reaches 1 magnitude, the
correction becomes uncertain and the estimate of the teumténsity is unreliable.

The Hx intensityly, is converted td, using the formula given in equation (2.17),
Section 2.1.3. The conversion is equivalent to 3.87/Rkor T, = 7000 K andv =
1.4 GHz. | use the electron temperature relationship of eqod®.3) for|b] < 4° and
assume a constaft of 7000 K for 4 < |b| < 3(°. As a result, the conversion between

corrected Rk intensity andT,, varies between 3.17 and 4.35 it for T of 4900 K
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Figure 6.15: The K latitude distribution, uncorrected (red) and corrected dast
absorption (black) as well as the free-free estimated froenRRLs (blue), averaged
for the whole 24 longitude range. ThBT distribution is also shown (green) in units of
MJy/sr, read from the right-hand vertical axis. The WHAM intépss corrected for
dust absorption and converted to brightness temperating tre T, relationship from
equation (6.3) plus a constahig of 7000 K for|b| > 4°, v = 1.4 GHz andfy values of
0.55 and for 0.32 the negative and positive sides of theiloigton, respectively. Note
the logarithmic vertical scale.

and 8590 K, respectively.

Figure 6.15 shows the latitude distributionigf betweerb = —30° to 30 averaged
over the longitude range= 20° to 44, for the uncorrected Hl (red line), the corrected
Ha (black line), the RRLs free-free estimation (blue line) @nelD™ dust (green line).
The angular resolution of the data used in Fig. 6.15 is 60 excrh use the free-
free map smoothed to® Bnd the Hr data to derive thdy value that best fits the two
distributions between latitudes [f = 3° to 4°. The correct K intensity is calculated
for a grid of fy values ranging from 0 to 1, every 0.01, and compared with tthe-f
free estimated from the RRLs. The best fijitvalues corresponds to the minimum
chi-squared %) and the errors are estimated from thecurve, as half its width at

1o For the negative and positive sides of the latitude distitin f4 is 0.48'535 and
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0.3272%2, respectively. The H data in Fig. 6.15 are corrected for dust absorption using
the derivedfy values. The fective absorption is about 1 magnitudelat~ 5° and
increases to 2 magnitudes|ait=~ 3°. At this latitude, the brightness temperature from
the Hr and RRLs is~ 120 mK. A uniform mixing of gas and dust corresponds to an
fg value of 0.5. Our derived values il = 3° to 4° are similar to uniform mixing.
However, at lower latitudes the values determined from theddta are far higher
than the observed free-free emission from RRLs. This woplaear to indicate that
the Schlegel et al. (1998) dust model f for a fixed dust temperature of 18.2 K
overestimates the absorption produced by the warm (40 K)atuthe Galactic ridge.
This is not unexpected since the dust properties such astramope, composition, ISM
radiation field, along this deep line of sight through thea&&slare diterent from those
at intermediate latitudes covered by the Schlegel et a@&)1Lthodel.

This shows that the RRL data can be combined with déita to overcome the

high dust obscuration on the Galactic plane on creatinglaskyl map of the free-free

emission.

6.5.2 WMAP free-free MEM model

The WMAP team has estimated the contribution of synchrotimermal dust and free-
free emission, at each band and atrdsolution, using a Maximum Entropy Method
(MEM) (Gold et al. 2011). The MEM is an iterative procedurattfits for the emission
of each component and also the synchrotron spectral indsynaing that the dust and
free-free temperature follows a power law wigth= +2 andg = -2.14 (T « ),
respectively. Where the WMAP’s/B is low, templates made from external data are
used as priors. These templates are: the Haslam 408 MHz naesefH et al. 1982) for
the synchrotron, the extinction-corrected thap (Finkbeiner 2003) for the free-free
and the Model 8 of Finkbeiner, Davis, & Schlegel (1999) martiie thermal dust.
Figure 6.16 shows, for three longitude ranges, the brigggnemperature estima-

tion from the RRLs (dotted line) with an assumeé&ggiven by equation (6.3) and a
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Figure 6.16: Free-free emission estimated from the RRLdrantdthe WMAP 23 GHz
MEM versus latitude, averaged over three longitude randée full line represents
the WMAP MEM and the dotted line is the free-free emissiomfithe ZOA smoothed
to 1° resolution and an assumé&gdgiven by equation (6.3).

spectral indexs = —2.13 and WMAP’s MEM (full line), at 23 GHZ The peak of
the MEM distribution is always higher than that of the RRLa, the three longitude
ranges. For the brighter longitude ranfje 20° to 32, Fig. 6.16 (c), the MEM esti-
mation is about 48 per cent higher than the RRL predictiorthisiregion, the mean
electron temperature on the plane~is5700 K which would have to be increased to
about 8000 K for the two peaks to agree. The FWHM of the RRItudé distribution

is ~ 1°.32, slightly narrower than that of the MEM:.47. This reflects the narrow RRL

distribution seen in Fig. 5.19 and the possible systemdliects of the sharp slope

2Downloaded from the website httfambda.gsfc.nasa.gov.
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for |b| > 1°, over this strong continuum emitting region (Section 5.3.Bhe largest
difference is for the range= 32° to 44, Fig. 6.16 (b), where the MEM predicts67
per cent more emission at= 0° than the RRLs. This implies that should go from
the meanT, of 6400 K to around 10000 K for the RRL free-free peak to agréd w
that of the MEM. On the other hand, both distributions haveraximately the same
FWHM of ~ 1°52. This longitude range is mostly dominated by individualrelgions
rather than groups ofidregions, as the lower longitude range of the regionis. 1f%30
contribution by individual and compact (5’) Hu regions is assumed (Section 6.3.3),
for example W49, it needs to be corrected by 20% due to theimggocess (Section
5.2.3). This small correction is enough to reduce the MEMrpregliction above the
RRLs by~ 10%. This reflects the importance of the separation betwé@msd and
compact free-free emission and subsquent correction diépgon angular scale.
Planck Collaboration et al. (2011b) recently reported alamnesult usingPlanck
data. They showed that the MEM free-free estimate on thedBalalane is higher than
what is predicted by their model of the multi-phase ISM, vihiecovers- 80% of the
WMAP MEM emission at 23 GHz. With the restricted frequencyga of WMAP in
separating at least 4 components, there is some unceriaititg MEM separation of

the synchrotron and the free-free components.

6.5.3 WMAP: 23 to 94 GHz - identification of the four foreground

components

Our determination of the free-free emission from the RRladaakes a significant con-
tribution to the derivation of the Galactic foregrounds be Galactic plane at higher
frequencies. The WMAP 7-year (Jarosik et al. 2011) data a33341, 61 and 94
GHz have the resolutions ef 49, 37, 29, 20 and 13 arcmin respectively, which are
adequate to investigate the Galactic latitude distrilmtibich has a width ot 1° in

the longitude range of the present study. | use theeolution WMAP data for each

of the five frequency bands.
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OTHER DATA

The synchrotron component is given by the 408 MHz survey lgha®t al. 1982),
made with a resolution of 51 arcmin; its brightness tempeeaspectral index is as-
sumed to bg = —3.0 (Banday et al. 2003; Davies et al. 2006). The free-free gons
is that derived from the RRLs with a resolution of 14.8 arcnaigssuming an electron
temperature given by equation (6.3). Its spectral indexsgimed to b@ = —-2.13
over the frequency range of WMAP. A spectral indexpof —2.10 is used to correct
the synchrotron map for free-free emission at 408 MHz. Bbéhdynchrotron and the
free-free templates are smoothed tddr this comparison.

Figures 6.17 (a) to (e) show the latitude cuts at each WMARukeacy for the
longitude range 20to 44°. The black line gives the total WMAP brightness temper-
ature, while the green line gives the total minus the free-ffin red) and minus the
synchrotron (in blue), at each frequency. It is seen imntetlighat the synchrotron is
a minor contributor at WMAP frequencies - amounting to onlges cent at 23 GHz
and correspondingly less at higher frequencies fallingrity & per cent at 94 GHz.
The green line represents the anomalous emission. At 231835k GHz this excess
emission is 58, 57 and 55 per cent, respectively, of the ertassion. Expressed more
physically, the anomalous emission at these three fregesins 1.6, 1.4 and 1.3 of
the free-free emission. Assumptions on the free-free andtswptron spectral indices,
electron temperature and calibration errors do ritec the results on the anomalous
emission detection by more than 20 per cent.

At 61 and 94 GHz the thermal (vibrational) dust emission iggaificant contribu-
tor. On the plane this dust is warmdiy ~ 40 K) than at intermediate latitudes (20 K)
having been heated by the radiation field responsible fasiog the ISM to produce
the free-free. At 94 GHz the excess emission is 3 times tleeffe®. If a thermal dust
emissivity spectral index g8 = +2.0 is assumed, it will contribute 38 per cent of the
observed excess at 61 GHz. On the other hanglAf+1.5, it contributes 48 per cent
and will have a significant contribution, 20%,at 41 GHz.

A critical test for the spinning dust model is that the widfttlee observed anoma-

lous radio emission should be similar to that of the (warmgtdurhe 10Qum IRIS
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Figure 6.17: Comparison between WMAP, free-free and systobm versus latitude,
at each frequency (23 GHz (a) to 94 GHz (e)), averaged ovdotiggtude range 20to
44, at T resolution. The black line represents the WMAP temperdiyiréyear data;
the green line is the result of WMAP minus the the free-freg@mus the synchrotron;
the blue line is the 408 MHz data scaled with a spectral ilglex—3.0. The assumed
electron temperature in the free-free estimation is giverduation (6.3).
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Figure 6.18: The anomalous emission (i.e., total minus-fire@ minus synchrotron)
latitude distribution for the longitude range 2 44 at 23 GHz (a), 33 GHz (b)
and 94 (c) GHz (full line), compared with the 1@én surface brightness distribution
(dotted line). The assumed electron temperature in theffeseestimation is given by
equation (6.3).

data (Miville-Deschénes & Lagache 2005), again smootheld,tare compared with
the WMAP data in Figs. 6.18 (a), (b) and (c) at 23, 33 and 94 Gétzhe longitude
range 20to 44. The latitude distributions of the radio (full line) and desnissions
(dotted line) are clearly similar both at 23 and 33 GHz (spigrdust) and at 94 GHz
(thermal dust). The half power widths aréép, 189, 1°83 and 287 for 100um,

23 GHz, 33 GHz and 94 GHz respectively. The ratio of 33 GHz @@ brightness

is 9.5u K(MJy sr1)-1, a value similar to that found at intermediate latitudesviPs
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et al. 2006). These WMAP data are in agreement with modelgiohsg dust.

6.6 Galactic Structure

RRL surveys of ht regions have provided information on the kinematics andtioa

of the ionised gas in the Galaxy, tracing the spiral arms aie$ ®f recent star for-
mation. The combination of the Paladini et al. (2003) cafatowith the new objects
detected by Bania et al. (2010) give the best current piatfitbe longitude-velocity
distribution of Galactic h regions, with unambiguous evidence for an ordered pat-
tern of Galactic structure. The present RRL survey is unfqué provides equivalent
information for the total point source andfidise ionised gas on the Galactic plane

between 20and 44.

6.6.1 Distribution of RRL emission in longitude and velociy

Figure 6.19 shows the contours of RRL temperature in vetdongitude space, for
spectra averaged irf.B in longitude within 2 of the Galactic plane. The first positive
contour (full line) is at~ 1o (Section 5.2.1). It shows that there is no emission at
negative velocities in this longitude range, knowing tlne bow-level features at =

38 and betweeirf = 23° and 3t are associated with carbon and helium lines (Section
6.7). This result is very similar to that found in the Hh6Bne survey by Lockman
(1976), shown in Fig. 1.6. This RRL survey at a resolution bfa2cmin, detected
emission in all the 1lintervals from 4 to 44. Both longitude-velocity maps show
a minimum of emission af ~ 40°, no emission at 0 km=$ and a large change in

emission with longitude.

6.6.2 Radial distribution of Galactic ionised emission

The RRL velocity of the free-free emission, when converteid ia distance to the

Galactic centre, can be used to obtain the radial distobutif the ionised gas. This
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Figure 6.19: The longitude-velocity distribution of RRLdintness temperature within
1° of the Galactic plane. Contours ares8, +6, +4,+2, +1 and 10 per cent, then at
every 5 per cent from 10 to 50 per cent and every 10 per cent 0o 90 per cent

of the maximum line temperature observed, 272 mK. The firsirtaurs are labelled

and the dotted lines correspond to the negative contours.

is shown in Fig. 6.20 as the full line histogram. The RRL speatre averaged into
a 12 arcmin pixel grid, to reduce the correlation betweenpitiats, for the longitude
rangef = 20° to 44 and|b| < 1°. The Galactocentric radiu]s is calculated as in
Section 6.1.5 using equation (6.2), wih = 8.5 kpc, and the velocity that corresponds
to the peak of the line for each spectrum. Fig. 6.20 also shbeslistribution of the
145 Hui regions from the Paladini et al. (2003) catalogue that atkimthe same region
of the sky (dotted line, scale by a factor of 4). The two disttions are very similar
and show narrow peaks at 4.4 kpc and P kpc that correspond to the Scutum and
Sagittarius spiral arms, respectively. This indicates tha difuse emission follows

the same radial distribution as ther lregions.
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Figure 6.20: Radial distribution of the ionised emissioull(fine) and the Paladini
et al. (2003) Ht regions (dotted line) betweeh = 20° and 44 and|b] < 1°. The
Galactocentric radius of the averagedx 22 arcmirf RRL spectra is calculated as
described in Section 6.1, usify = 8.5 kpc. The Paladini et al. (2003) histogram is
scaled by a factor of 4 for a better comparison and both digions are plotted with
0.25 kpc wide bins. The two spiral arms, Scutum and Sagigaishow as narrow
peaks at 4.4 kpc and 5.9 kpc.

The radial distribution obtained by Bania et al. (2010)nhgsihe 602 h regions
detected in their survey, also shows two peaks.atkpc and & kpc. These values
of Rg correspond to tangent points in longitude of 2dd 45 and terminal velocities
of 110 km s! and 63 km st, respectively. The fact that the present survey covers
{ < 44 suggests that it is missing part of the emission from thedahgoint of the
Sagittarius arm. This can be partly responsible for theaveer peak of this spiral
arm,~ 0.5 kpc, compared with that of the Scutum arm1 kpc. Another important
factor is the channel width and spectral resolution of thespnt survey, that limits
the determination oRg and in particular the fact that only one velocity is assigned
to each pixel, therefore not accounting for a possible se@@mponent of emission.

Moreover, there is a spread of velocities in the spiral aroestd non-circular motions,
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less than a few per cent of the rotational velocities, of ahétkm s*. At the distance
and radial velocity of the Sagittarius arm, the errorRndue to the 20 km3 spectral
resolution is about 0.5 kpc. Nonetheless, as a similar wadtihe Sagittarius arm is

seen in the distribution of iHregions, this is likely to be a real feature.

6.6.3 The z-distribution of the diffuse ionised gas

Having identified the Sagittarius and Scutum arms in Raeand velocity space, |
am now able to separate the emission from each of the spimad and investigate
their azimuthal extent. Figs. 6.21 (a) and (b) show the natisgl RRL emission over
50 km s, from 80 to 130 km s' and from 30 to 80 km S, respectively. Fig. 6.21
(a) shows the narrow distribution of the high-velocity esn® from the Scutum arm
that covers mainly < 34°. The lower emission fof > 34° originates in the wings
of RRLs atV ~ 80 km s. The emission from the Sagittarius arm covers the whole
longitude range and has a broader distribution around theepl Fig. 6.21 (c) shows
that the RRL emission af ~ 0 km st is attributed to the W49 and W40mHegions,
with some emission from W45, & ~ 25 km s and from the positive latitude extent
of the W47 complex.

The latitude profiles of Figs. 6.21 (d) and (e) show the naer@adistribution of the
Scutum arm, with a FWHM of 0°.78, compared with the slightly broader distribution
of the Sagittarius arm, with FWHM of 0°85. The Galactocentric distances to the
tangent points give a mean distance to the Sun of 6.0 and €.%kphe Sagittarius
and Scutum arms, respectively. Using the observed FWHM efldhitude profiles
gives a z-thickness of about 100 pe, ~ 45 pc, for the diftuse ionised gas about
the Galactic plane. This compares with ~ 70 pc, the value found by Reynolds
(1991) using pulsar Dispersion Measures and reflects thalfatemission measures
trace the densest parts of the ionzed gas, €M, compared to dispersion measures
which tracen,. The latitude distribution of the Sagittarius arm, Fig. (&), shows

a broader component of FWHM 2° that corresponds to the emission from the near
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side, whereas emission from the far side is responsiblé®narrow component. The
negative mean value of the peak in both latitude distrim#is consistent with the
result from Reed (1997) that the Sun lies above the Galadgtephane.

6.7 Helium and Carbon RRLs

Helium and Carbon RRLs are observed in the HIPASMA spectra. The expected
velocity separation of 122.1 knt'sand 149.5 km 3§ between the hydrogen RRL
and the helium and carbon lines, respectively, allow thantification. Due to the
spectral resolution of 20 knts these two RRLs are sometimes blended. When the
carbon RRL is amplified by maser emission by foreground gaifts towards lower
velocities and the two can be separated.

Figure 6.22 shows two examples of spectra, for which helinth@arbon lines are
detected, toward theiHegions W47 and W40. These RRLs are baseline corrected by
fitting a polynomial to the spectrum between the hydrogenthadhelium lines and to
the equivalent portion of the spectrum at lower velocitiese polynomial is of second
and fourth orders for the W47 and W4Qitegions, respectively. Fig. 6.22 (b) shows
the helium and carbon RRLs for W47, which has a velocity of 67sk'. The helium
line is detected at its expected separation from the hydréige, but the carbon RRL
is clearly shifted toward lower velocities, by 30 km s®. This is expected if cold
gas between us and the Sagittarius spiral arm, where W4g€asdd, is contributing to
the carbon line emission. Gaussian fits to the lines giveiitghs of 25 km s* and
18 km s, and temperatures of 154 mK and 20+ 10 mK for the helium and carbon
RRLs respectively, and 1598 mK for the hydrogen line. The abundance of ionised
helium in this Hi region, given by the ratio between the He and H line tempezatu
is 0.09+ 0.02, consistent with the values found in the literature (®ec2.4.2).

In the case of W40, which is a locabHegion, the C line is- 150 km s? from the
H line. The line width given by the Gaussian fit is broad, 47 ki which shows that
C and He RRLs are blended. The W4a@ Hgion has been widely studied at various
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Figure 6.22: Spectra for theiHregions W47 {,b) = (37°.8,-0°3) (top) and W40
(bottom), averaged over X212 arcmin. A fit to the baseline is performed between the
dotted lines, excluding the heliyoarbon feature, and is shown as the blue dotted line.
The right panels show the baseline corrected helium andodRiRLs, with their rest
velocities given by the vertical dashed lines; here the bioited line is the Gaussian
fit to the RRLs. The carbon line is amplified by maser emissipthle foreground gas
toward W47, aV = 67 km s and for W40 is is blended with the weaker helium RRL.

wavelengths and in particular for carbon RRLs at 21 cm by Baimket al. (1977) and
9 and 4.6 cm by Vallée (1987). Using these three frequendaiee (1987) derives an
electron temperature and density of 100 K and Tmespectively, for the €region
that lies between the molecular cloud and the dgion of W40. The high spatial
and spectral resolution observations by Vallee (19874%.a&tarcmin and 2.7 km$,

respectively, show that the C line is actuays km s away from its rest velocity, at
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6.5+ 0.2 km s1, and at the same velocity as the CO molecular cloutiké st (Blitz
et al. 1982). The dierence between the H and C velocities suggests thatiihgasl
originates from the edge of thenGegion (Vallée 1987), in what is called@dister
model of the region.

He and C RRLs are detected along the Galactic plane i the20° to 44 re-
gion. Even though they have low signal-to-noise ratio fertimvestigation and anal-
ysis should provide a statistical measure of the ionisedimehbundance along the

Galactic plane.
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Conclusions and future work

In this Chapter | give an overview and summary of the resutisfthis work, followed

by the plans for the future of this project.

7.1 Overview of the results and conclusions

The main goal of this project is to estimate the free-freession on the Galactic plane
using RRLs from the HIPAS3O0A survey. This survey contains three RRLs which
can be averaged to provide a high sensitivity map of the RRisgon at an angular
resolution of 14.8 arcmin. The velocity resolution of 20 kmh is suficient to be able
to identify the free-free emission from the Local, Sagittarand Scutum spiral arms.
The data cube centred &t b) = (40°, 0°) was used to illustrate the viability of such
an investigation and has demonstrated that the 1.4 GHz Z@/¥gus of suficient
sensitivity to be able to provide a map of free-free emissinrthe Galactic plane in
this longitude range. An important upgrade on the data aiglyas the inclusion of
a new bandpass algorithm and the combination of ZOA and H8”4&a to correct
for the zero levels on the Galactic plane. This resulted irapomimprovement of the
final spectra. The ZOAHIPASS combined datacubes and corresponding RRL line
integral maps coveringfrom 20° to 44 and|b| < 4° were reduced using the upgraded

pipeline.
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In order to convert the RRL line integral to a free-free btigkss temperature it is
necessary to have a value of the electron temperaturgsing the HIPASE OA con-
tinuum and line data | was able to calculate the electron &zatpre for 16 ht regions
from the survey and to derive thE, variation with Galactocentric radius. | found
agreement with previous results (Shaver et al. 1983; Raladial. 2004) that have
a larger longitude coverage. The derivEgvariation was used to convert the RRL
line integral to free-free brightness and to obtain the fiistct measurement of the
free-free emission on the Galactic plane betwéen20° and 44. When this map is
subtracted from the continuum map, the synchrotron emmssiderived for this region
of the Galaxy, at 1.4 GHz. The latitude distribution of th@ayrotron emission was
used to show that the electron temperature of tii@isie ionised gas is similar to that
of the individual Hi regions, with a mean of 6000 K on the Galactic plane. The syn-
chrotron distribution appears to have a narrow componesteaied for the first time
at this frequency clear of the free-free emission. It has RVbf ~ 2°, presumably
arising from the SNRs on the Galactic plane.

Using the source extractor algorithm SExtractor on the Bywicon map, | was able
to detect 23 well-known SNRs listed in the Green (2009a)logtee, plus two SNR
candidates and one recently re-identified.

A list of Hi regions was extracted from the free-free map with SExtraciine
flux densities given for the present 14.8 arcmin survey ofréjions are accurate to
the 10 per cent level. The list ofiHregions is used to derive their contribution to
the total free-free emission in this region of the Galaxy~080%. The individual
Hu regions have a latitude distribution with about half the thidf the total free-
free distribution,~ 0°5 at half power. This can be converted into a z-distribution f
the Hi emission at known distances and is consistent with previesidts (Reynolds
1991; Bronfman et al. 2000) on the distribution of OB stard #re width of the thin
disk from Dispersion Measures.

The clear determination of the free-free emission indtrange 20 to 44, allows

the investigation of the anomalous microwave emissionigmghaction of the Galactic
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plane by using WMAP data along with the 408 MHz synchrotrangkate. | have
shown that the excess (above the free-free and synchragramgsion has the same
latitude distribution as the 10@m far-infrared emission. This is expected for a dust-
correlated component of emission. The lower WMAP frequesn¢k3 and 33 GHz)
fit a spinning dust model for very small dust grains, whosession is about 58 per
cent of the total and 1.5 of the free-free emission, in thigyltude range. The highest
WMAP frequency (91 GHz) emission includes the long wavellerigil of the ther-
mal emission from large dust grains which is three times the-free emission. The
61 GHz emission is composed of roughly equal amounts frorh thet free-free and

thermal dust mechanisms.

7.2 Future work

7.2.1 Mapping the full ZOA RRL survey

Using the upgraded RRL pipeline described in Chapter 5, Rk &ata can be readily
reduced to produce spectral cubes with low noise and stalskelines for the brightest
regions. | reduced each of the 27 ZOA zones and combined atrespective HIPASS
data, resulting in a RRL cube covering the Galactic planevben! = 196 — 52°.
Fig. 7.1 shows the line integral for the inner Galaxy regioom ¢ = —-50° to 50°. The
preliminary map is obtained using theriap taskmoment, set to calculate the integral
40 km s either side of the line after rejecting spectra that are weld mJybeam.
Even without a careful analysis and correction of the spébtaselines, this map shows
high significance detection of RRL emission from individital regions and from
extended dtuse emission.

A deeper and thorough analysis, similar to that describechapter 5 for each of
the three zones under study, is needed for this larger ax@én to recover the weaker
signals away from the Galactic plane and estimate the fie-dmission throughout

the inner Galaxy.
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7.2.2 The distribution of ionised gas

The present RRL survey provides unique information on tHeoiy of the difuse
emission. Figure 7.2 shows the velocity at peak of the RRIctspen the Galactic
plane betweeid = —50° and 50. It shows a clear gradient as expected, with positive
velocities increasing from 50 km st at¢ = 50° to ~ 100 km s? at¢ ~ 30°, where the
line of sight passes through the Scutum spiral arm, and tkeeorhes negative in the
fourth quadrant of the Galaxy. This larger area will allove ttadial distribution of the
diffuse gas to be better determined and compared with the dittribof Hi regions
given by the Paladini et al. (2003) and the Bania et al. (28&@)ples, shown in Fig.
7.3. However, as described in Section 6.1.5 some spectearhaxe than one velocity
component, which are not straighforward to separate dulkegspectral resolution of
this survey. In order to improve the Galactic radius caltafain Fig. 6.20, a careful
analysis and separation of the velocity components has pelfermed.

The velocity information of the ionised gas is of great intpace for the Galaxy
inversion models (Paladini et al. 2007; Planck Collaboragt al. 2011b). These aim
at constructing the 3D distribution of the various compdaef the ISM in the Galaxy
and determining the properties of dust and gas in tlikem@int environments in the
Milky Way. At the present these models lack of informationtbe difuse ionised gas

distribution.

7.2.3 Other regions of interest at intermediate latitudes

The large-scale ¢liuse ionised gas at intermediate and high latitudes is obderv

Ha since RRLs are too weak to be detected. However, brightddions and ionised
extended features in the local Gould’s Belt system have bbsarved in RRLS, such
as Barnard’s Arc (Gaylard 1984). For an electron tempeeadfii7000 K at 1.4 GHz,
1 R of Ha line intensity corresponds to 3.87 mK of free-free briglsswéemperature
(Section 2.1.3). From equation (2.39) it follows that in gkaconditions and for a

typical RRL of width 25 km st, its line temperature is 1.4 per cent of the continuum.
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Figure 7.3: Radial distribution of GalacticitHegions from the sample of 602 new
nebulae found by Bania et al. (2010) (filled histogram) camediwith the Paladini
et al. (2003) sample (open histogram). From Bania et al.R01

Therefore, the Barnard’s Arc region which4s200 R in Hy, should be detected in
RRLs with a temperature 10 mK. This region of the sky d ~ —20° is not covered
by the ZOA survey, which combined with the HIPASS survey mmsdpectral cubes
with a typical noise level per channel of 3 mK (Section 5.2Ngvertheless, a line of
T, = 10 mK can still be detected using HIPASS data only, which iséwhe noise of
the ZOA data, so with a rms noise per channel @ mK.

There is an increasing interest on the fraction of scatteiketight at high latitudes.
Recent results by Witt et al. (2010) suggest that about Halfeototal Hr intensity ob-
served in many diuse, translucent and dark dust clouds is due to scatteridg gho-
tons present in the Galatic interstellar radiation field thréginate in emission regions
elsewhere. This explains the excess of surface brightmebkrilight, compared to
the surrounding sky, that has been observed toward highdatdust structures (Mat-
tila et al. 2007). The free-free emission estimated from RBLintermediate latitude
ionised regions can be used to compare withrileasurements to constrain the amount

of dust and scattered light.
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Figure 7.4: Average spectra for the (a) Rosette and (b) ioebulae, showing car-
bon RRLs at . Note the strong C RRL from the Orion B region, ctei@in the curved
and noisy baseline. The same curvature is seen in the Rosdttga’s spectrum, but
with a lower rms due to the contribution of ZOA data.

7.2.4 Helium and Carbon Lines

Using the HIPASS and ZOA individual scansdiinziiLa, the 30 x 30° RRL datacube
centred at (RAS) = (5"87, 2°00) was reduced. This covers the Orion A and B regions,
Bernard’s arc and the Rosette nebula and shows high sigmBcRRL detections.
Barnard’s arc is seen with, ~ 20— 30 mK. Fig. 7.4 shows the spectra for the Rosette
nebula G206.2-2.1, which is within the ZOA survey coveraga] for the Orion B
nebula G205.5-16.4. Both spectra show carbon RRLs, all50 km st away from
the hydrogen line, as expected. It isfdiult to estimate the C RRL intensity which is
seen to vary relative to the H RRL for the two examples showa.h®@ince there is no
significant shift in velocity, the C line is likely to be amfiid by maser emission by
the continuum emission from the associatadregion that lies behind theiQregion.
In order to study the physical properties of the 1€gion, observations of C RRLs over
a range of frequencies are needed to compare with models.

The HIPASS survey will allow the investigation ofide RRLs on bright H fea-
tures at intermediate latitudes whereas the deeper ZOAgatong the Galactic plane
will also provide information on the fle RRLs from the the diuse ionised gas in the

inner Galaxy.
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7.2.5 Afull-sky template of free-free emission

With the advent of large-aread-surveys, such as WHAM and SHASSA, templates for
the free-free emission at high and intermediate latitudesine available (Dickinson
et al. 2003; Finkbeiner 2003). Before thertdata can be converted into a free-free
brightness temperature, they have to be corrected for dissirption. Atjb| < 5° this
correction breaks down and accordingly the slirveys cannot be used for this purpose
along the Galactic plane. RRLs in contrast ta Hive a direct measure of the free-
free with no dust absorption or contamination, thus can lezlue complement the
Ha templates on the Galactic plane.

In Section 6.5.1 the combination ofeHand RRL data for the regiofi = 20° to
44 gives an indicative value of thefective dust in the line of sight that is absorbing
the optical line. More importantly, it shows that the RRL dligion of the free-free
agrees with that of the&datb ~ 4°. A full-sky free-free template is the ultimate goal of
this project. For that each ZOA & 8° RRL datacube still has to be carefully analysed
in order to recover the weak signals away from the Galacto@) atb| = 2° — 4°.

A full-sky free-free template will be useful for CMB experants such aBlanck in
particular for component separation. It is also importaniriderstand the synchrotron
emisson for the first time on the Galactic plane. A clean syotcbn map at 1.4 GHz
helps to define the spectral index variation, namely to cairsthe observed turnover

in spectral index (Banday et al. 2003; Davies et al. 2006).
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