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ABSTRACT

I have created a 3-dimensional model of neutral hydrogen (H1) in
disk galaxies, in order to better understand galaxy kinematics and the
Tully-Fisher (TF) relationship. The model uses data from existing ob-
servations of galaxies (aperture synthesis and single-dish) to calculate
some of their observed properties, such as single-dish line profiles,
channel maps, and position-velocity diagrams. These can then be
compared with the actual observations to study the differences be-
tween them. The effect of changing various galaxy parameters (such
as inclination, and turbulent motion) on these quantities can then
be studied. The model can also be used to study the effect of the
parameters and commonly used corrections on the TF relation, such
as turbulent motion correction and instrumental correction. Using
the model, I have found that the the most commonly used turbu-
lent motion corrections introduce a bias in the corrected line widths,
particularly for galaxies with smaller rotation velocities. This can
introduce a bias in the slope of the TF relation. Also, from the simula-
tion, some galaxies show the presence of points on their line profiles
where their HI line widths are independent of the turbulent motions.
If such a point exists for all galaxies, then the determination of line

widths at those points will require little or no correction due to tur-
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bulent motion effects, and that width can be used in the TF relation

instead of the commonly used line widths.
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INTRODUCTION

‘Where shall I begin, please your
Majesty?” he asked. ‘Begin at the
beginning,” the King said, gravely,
‘and go on till you come to the end:
then stop.”

Lewis Carroll, Alice’s Adventures in

Wonderland

In this chapter, I will briefly describe the neutral hydrogen (H1) radi-
ation and its properties. Then, I discuss the Tully-Fisher (TF) relation
to find galaxy distances. Later, I will discuss recent developments in

using the TF relation.

1.1 NEUTRAL HYDROGEN RADIATION

Neutral hydrogen consists of a single, uncharged, hydrogen atom.
In addition to their other properties, the electron and the proton
in an hydrogen atom have spins, which can either be parallel, or

anti-parallel. These two configurations have slightly different ener-

30
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gies, with the state with parallel spins having the lower energy. The

frequency of the resulting line is (Rohlfs & Wilson, 2000):
Ve = 1.420405751 786 x 10° Hz. (1.1)

The transition has a very low probability of A = 2.87 x 1075577,
or equivalently, a half-life of ~ 1.11 X 107 yr. The frequency, vy,
can be expressed in wavelengths as 21.1 cm, and therefore neutral
hydrogen radiation is also known as 21-cm radiation.

Because of the very small transition probability, collisions have
time to establish an equilibrium distribution in which the populations
of the upper and lower levels (labeled 2 and 1 respectively) are given

by the Boltzmann distribution:

% _ g_jethI/kTsl (1.2)
where k is the Boltzmann constant (1.38065 x 107*3m? kg s™> K™7),
h is the Planck’s constant (6.626 068 x 10734 m? kg s '), T is the equi-
librium excitation temperature, known as the spin temperature, and g,
and g are the statistical weights of the upper and the lower lev-
els, g2/ g1 = 3 (Longair, 1994). Precise measurements of T; are diffi-
cult, with the ‘classical’ adopted value being Ts ~ 125 K (Rohlfs & Wil-
son, 2000). For neutral hydrogen radiation, hvy,/k =7 X 107> K <«

Ts, and equation 1.2 gives N, /Nj = 3.
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Assuming the H1 region to be optically thin (nearly transparent),

the emissivity of the gas, x is then

82 3
K = —2=—NygAhvy, = —NyAhvy,, 1.
ato H Hi 1 H Hi1 (1.3)

where Ny = Nj + Nj is the total number of Hr atoms. This gives the

line intensity of radiation in a particular direction [ as:

1= —AthI / Nyd 1, (1.4)

The integral has to be taken along the line of sight and also in
frequency since the Hi1 radiation is Doppler-broadened due to line
of sight motions of hydrogen atoms. Carrying out the integral in
equation 1.4, and using S,, where S, is the flux density (see Dickey

2002) gives:
My,
Mg

— 2.356 x 10742 / S(v)do, (1.5)

where M, is the mass of the sun (1.988 92 x 103°kg), d is the distance
in Mpc, and S(v) is the flux density as a function of the observed
velocity in Jy (1]y = 10726 W m~2 Hz).

Although the probability a single hydrogen atom undergoing
spin-flip to produce the above radiation is very low, because of the
high number of neutral hydrogen atoms in galaxies, the H1 radiation
from galaxies can be observed at the earth with radio telescopes. In
disk galaxies, the mass of neutral hydrogen can be about ~ 10'° Mg,

see Roberts 1975).
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1.2 GALAXY CLASSIFICATION

The base galaxy classification scheme follows Hubble’s early classifi-
cation of galaxies (Hubble, 1926). Hubble arranged galaxies in the
famous ‘tuning fork” diagram (see Figure 1.1), with elliptical galaxies
on the left, and spiral galaxies on the right. In this scheme, the ellip-
tical galaxies are noted as En, where n is a number ranging from o
to 7. For an elliptical galaxy with observed axial ratio b/a (a is the
semi-major axis, and b is the semi-minor axis), n = 10(1 —b/a). Thus,
circular elliptical galaxies are denoted Eo, and ellipticals with highly
elongated form are Ey. To the right of E7 galaxies are lenticular
galaxies, which show smooth central brightness condensation similar
to elliptical galaxies, surrounded by a large region of less steeply de-
clining brightness. These galaxies are sometimes denoted So or SBo,
depending upon the presence of a central bar in them (SB = barred).
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Figure 1.1: The ‘tuning fork” diagram, reprinted from Sandage (1975).

After the So galaxies come the regular spiral (disk) galaxies. These

show winding spiral arms and a central nucleus. They are denoted
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by the letter S. The regular spiral galaxies can have a bar in the
center, in which case they are denoted SB. Depending upon the
relative brightness of the central bulge, the tightness of the spiral
arms, and the degree of resolution of these arms into stars and
emission nebulae, the spiral galaxies (S and SB) are further divided
into subtypes. Spiral galaxies Sa and SBa have a conspicuous central
bulge, and tightly wound spiral arms. Similarly, Sd and SBd galaxies
have a small central bulge, and loose spiral arms. Spiral galaxies to
the left in Figure 1.1 are called early-type galaxies, while galaxies to
the right are known as late-type galaxies.

There have been many revisions of the base classification system.
de Vaucouleurs (de Vaucouleurs, 1959) stated that the spiral galaxies
can be further classified depending upon the presence of a ring
around their nuclei, and whether spiral arms start from such a ring (r
galaxies) or from the nucleus (s galaxies). The classification system
of de Vaucouleurs is shown in Figure 1.2. For a full review of the
development of galaxy classification according to morphology, and
detailed description of those schemes, see Sandage (1975).

Figure 1.3 shows an the Hubble tuning fork diagram with real
galaxies as examples (Keel, 2008).

The morphological type T of a galaxy is a number ranging from —5
for elliptical galaxies to 10 for irregular galaxies (Irr I). For disk
galaxies, the morphological type goes from —2 for So galaxies (lentic-

ular galaxies) to 8 for Sc—Irr galaxies (see de Vaucouleurs & de
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Figure 1.2: Galaxy classification diagram, as presented by de Vaucouleurs
(1959). The elliptical galaxies are on the left, and spiral galaxies
are on the right. B galaxies show bars, A do not. The r and s
types are defined by whether the spiral arms start from the ring
or the nucleus of a galaxy.




Figure 1.3: Hubble’s tuning-fork diagram, from Keel (2008) using ccp im-
ages of galaxies.

Vaucouleurs 1972, rc2 hereafter, and Binney & Merrifield 1998 for

more information).

1.3 OPTICAL AND RADIO VELOCITIES

In astronomy, two approximations of velocity are used by convention.

Optical velocity is defined as:

)L—)LO Vo —V
Vopt = €CZ = ¢ pP =c o (1.6)

where c is the speed of light, z is the redshift, A is the wavelength,
and v is the frequency. The values with subscript, o, are the rest-frame
values, and the unscripted values are the observed values.
Radio velocity is defined as:
v—v A=A

Oradio = € 0 =c F (1-7)
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Note that these two definitions of velocities are different from
the relativistic Lorentz velocity v of the source, but they are nearly
the same when A — Ay < Ag. The equation describing the relation

between the observed frequency, the rest-frame frequency, and the

_ J1-9/c
V= mVQ. (18)

Using equations 1.6 and 1.8,

/1
Vopt = C ( 1_1-—2;2 — 1) . (1.9)

In all the above cases, velocity is positive if the source and the

relativistic velocity is:

receiver are moving away from each other.

1.4 HI LINE PROFILES

The stars, as well as neutral hydrogen in a disk galaxy, travel in
nearly circular orbits around the galactic center. The rotation speed
of a hypothetical star at a distance r from the center, v.(r), plotted as
a function of r is called the rotation curve of the galaxy.

In general, the extent of neutral hydrogen in disk galaxies extends
well beyond the optical disk. The rotation curves of most disk galaxies
are more or less flat, except near the center, where the circular speed

is zero. The fact that the rotation curves of disk galaxies do not fall



38

off expected from the gravitational potential due to the known mass
of stars and gas suggests that most disk galaxies have dark matter
halos that extend well beyond the observed size of the galaxy. In fact,
for some galaxies, the rotation curve has a slight positive slope even
at very large radii.

The spectrum of H1 radiation from disk galaxies is broadened by
the rotation of the gas in the disk. The amount of line broadening
is dependent on the rotation velocity of the galaxy. Usually, the line
profile from a galaxy is plotted as a function of velocity instead
of frequency, because any given frequency can be mapped to a
velocity as described in the last section. For H1 line profiles, the optical
definition of velocity is used by convention. The line-profile width can
be specified as the width at a certain fraction of the peak of the profile.
The most commonly used fraction is 20% of the peak, although 50%,
and other values have also been used. The line-profile width at a
percentage | of the peak is denoted as W,. As an example, Figure 1.4
shows the HI line profile for the galaxy uGc7321 (from Uson &
Matthews 2003; UML hereafter).

Single dish radio telescopes are most commonly used to ob-
serve HI line profiles of galaxies. This is because single dish tele-
scopes have a beam size of a few to about 20 arcminutes at 21 cm,
and therefore most galaxies fall in one beam of the telescope. Single
dish telescopes also make it easier to detect large-scale structure in

galaxies, which can be missed with an interferometer.
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Figure 1.4: ucc 7321 line profile. Optical velocity is plotted on the x-axis,
and flux density is on the y-axis. Flux density is measured in
milli Janskys (m]y).
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1.5 TULLY-FISHER RELATION

The absolute brightness of disk galaxies can be inferred from the
width of their Hi line profiles. The H1 line-profile width of a galaxy
is independent of its distance, since it depends only on factors such
as Hr1 density distribution, the rotation velocity, inclination angle,
etc. An empirical connection between HI line width and absolute
brightness can be used to determine the distances to disk galaxies.
This connection is called the Tully-Fisher (TF) relationship (Tully &
Fisher 1977).

Figure 1.5 shows the TF relation as published by Tully & Fisher

(1977).

T T T T T

21M NEARBY GALAXIES

- x Sb and earlier x
® Sc

4 Sc and later
luminosity classes I to X
_20™|~  (open triangles: M101 group) x -

1 1 | 1 1 11
100 km/s 200 km/s 400km/s 700 km/s
LOG AV(o)

Figure 1.5: The Tully-Fisher relation as published by Tully & Fisher (1977).
M, is the absolute photographic magnitude, and AV(o) is
the corrected Hr1 line-profile width at 20% of the peak. The
figure shows nearby galaxies with previously well-determined
distances.
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Tully & Fisher (1977) gave the following relation between the
absolute magnitude and line-profile width for the galaxies in their
sample:

M = —6.25log W20 — 3.5 (1.10)

where W, 5o is the inclination-corrected line width at 20% of the
peak (see next section for information on these corrections).

TF relation can be used to calculate distances ranging from nearby
galaxies to about 100 Mpc (megaparsecs), or about 100 times the
distance to our nearest neighbor large galaxies. The beam size of even
the largest single-dish radio telescopes at 21 cm is a few arcminutes,
and beyond this distance, the angular size and separation of normal
disk galaxies is small enough that there is a significant chance of
confusion with other galaxies in the telescope beam.

A key issue with beam size is not missing any Hi1 flux in the
line profiles of nearby galaxies. Beam sizes that are smaller than the
galaxy Hr disk size will miss flux in the outer (faster rotating) parts
of the galaxy, thus giving inaccurate line profiles (see Hewitt et al.
1983, Springob et al. 2005). Another related issue is that the pointing
inaccuracies in the single dish telescopes can cause the observed flux
to be smaller than the actual flux.

Usually, the line-profile width at 20% of the peak is used in the TF
relations. For luminosities, Tully and Fisher used B-band luminosities,

but various other optical and infrared bands have been used since
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then. Particularly useful is the I band (A = 8s50nm), because it
minimizes extinction effects due to dust in galaxies.

A galaxy’s inclination affects the TF relation in two ways. First,
it determines the amount of inclination correction to be applied to
the observed Hi1 line widths. Second, it affects the corrections to
the luminosity of a galaxy due to extinction. Higher inclination an-
gles (more edge-on galaxies) result in lower corrections to the HI
line widths (see section 1.7.1), but because of higher extinction due
to dust absorption, it results in a higher correction to the luminosi-
ties (Giovanelli et al., 1997). The luminosities must also be corrected
for extinction within our Galaxy (Burstein & Heiles, 1978). Internal

extinction correction can be expressed as:

Am; = —ylog(a/b), (1.11)

where a and b are the observed semi-major and semi-minor axes, m;
is the I band magnitude, and 7 is a parameter that depends on
the velocity width of the galaxy (see Giovanelli et al. 1997 for more
information). For a detailed description of the type and amount of
optical corrections involved, see Haynes et al. (1999).

The TF relationship is strictly empirical. For the past few years,
there has been an effort to find a physical basis for the TF relation-
ship. In particular, it has been suggested that the line-profile width,
corrected for effects such as turbulent motions and broadening due

to finite resolution of the telescope (see section 1.7) is related to the
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maximum of the rotation velocity of the H1 disk, vmax. For some
galaxies, vmay is different from the flat part of the rotation curve vgy,;,
and there is some evidence that the line-profile width correlates

better with vg,; than vmax (Verheijen & Sancisi 2001, vsr hereafter).

1.6 ASYMMETRY IN H1I LINE PROFILES

After analyzing approximately 1700 Hr line profiles of galaxies
from various surveys, Richter & Sancisi (1994) concluded that more
than 50% of field spiral galaxies show asymmetries in their line pro-
files. The same result has since been confirmed by other investigators,
using higher spatial resolution data (see Sancisi 1999 for a review,
and also Haynes et al. 1998). The fraction of galaxies with asymmetric
line profiles could be higher for galaxies in clusters and groups. The
asymmetry in line profiles could result from many factors, such as
high-velocity clouds, warping and flaring of the Hr1 layer, small com-
panion galaxies in the main telescope beam, and telescope pointing
errors (Haynes et al., 1998).

Asymmetric line profiles raise several questions on calibration of
the TF relation, since calculating line-profile widths of such asym-
metric profiles may not accurately estimate the maximum rotational
velocity of these galaxies. The method used to determine line-profile
widths in asymmetric galaxies is important because it is known that

the galaxies with low H1 content show more asymmetric profiles (Ko-
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rnreich et al., 2001), and any errors introduced in measured the
corrected line widths for asymmetric galaxies will cause a bias in

the TF relation.

1.7 CORRECTIONS TO THE LINE-PROFILE WIDTH

The observed H1 line-profile width must at least be corrected for the
inclination of the galaxy with respect to the line of sight and random
motions of the gas before it can be used in the TF relation. In this
section, I describe some of the corrections to Hi1 line-profile widths
that have been applied by investigators in the past. In chapter 4, the
effect of these corrections on the line profiles created from the model

is discussed.

1.7.1 Inclination correction

The inclination angle of a galaxy is defined as the angle between the

normal to the galaxy disk and the line of sight (see Figure 1.6).
With this definition of inclination, the component of the observed

line profile of a galaxy due to its planar rotation is narrowed by a

factor sini, where i is the inclination angle. Thus, in order to calculate
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Figure 1.6: Inclination angle i of a galaxy. The galaxy disk is in x-y plane,
and z-axis is normal to the disk.
the inclination-corrected width of the line profile, we need to divide

the observed line-width by sin:
W, = — (1.12)

The inclination of a galaxy is determined from observations. Fol-
lowing Hubble (1926), the inclination angle of a galaxy is derived
from its observed axis ratio (§ = b/a, where a and b are the major
and minor axis lengths of an ellipse describing a locus of constant

surface brightness):

2_ 2
1 — 4
L-q5

cos?i =

(1.13)

The parameter g9 denotes the intrinsic axial ratio, determined from
optical images of galaxies seen edge-on. The above definition of
inclination saturates at 9o° for g = qp.

Hubble (1926) used and empirically derived value of qp = o.2.

The motivation behind choosing gy = 0.2 comes from observations of
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various galaxies, and then using the average value of g for the most
inclined galaxies (Holmberg 1946).

Heidmann et al. (1972) used two separate galaxy catalogs, Holm-
berg (1958) and de Vaucouleurs & de Vaucouleurs (1964) (BGC), and
determined gy as a function of T for both. They showed that the
value of gg is dependent on the morphological type T of a galaxy.
They found that go(Holmberg) ~ go(BGC) + 0.04.

Bottinelli et al. (1983) (BGPv hereafter) used the same method used
by Heidmann et al. (1972) on the Second Reference Catalog of Bright

Galaxies (Rc2), and obtained:

0.60 + 0.045T forT <7,
_ log qo — (1.14)
0.65 forT > 7.

Fouqué et al. (1990) used all the galaxies in the catalog of 2096
galaxies in the Vigro Cluster area (Binggeli et al., 1985), and not just

the most inclined, to obtain:

043+ 0.053T forT <7,
—loggo = (1.15)
0.38 forT > 7.

Giovanelli et al. (1997) considered the effect of seeing (full-width

at half-maximum of a point source in an image due to atmospheric
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turbulence) on the observed axial ratio, 4. They define e.or as the

corrected ellipticity (1 —a/b, where a/b is the axial ratio), given by:

—\2
corr = 1 — \/%/ (1.16)

where 1 = 0.5FwHM, and FwHM is the Full-width at half-maximum
of the seeing disk. They used the value of ecorr to determine 4. They
chose gy = 0.13 for Sbc and Sc galaxies (4 < T < 6), and qp = 0.2
otherwise.

Using Monte-Carlo simulations, and assuming that gg has a Gaus-
sian distribution for a given T, Yuan & Zhu (2004) derived two

separate linear relations for go:

(—0.580 £0.016) — (0.067 £0.004) T for T <7,
log g0 =
(—2.309 £ 0.347) + (0.185 £ 0.040) T for T > 7.

(1.17)

(There is a typo in their paper, where the equation above is written
as (—0.580+0.016) + (0.067 +0.004) T for T < 7.)

To understand the effect of using these different definitions of g
on the derived value of inclination, see Figures 1.7 and 1.8. In Fig-
ure 1.8, the derived value of 1/sini (a factor that describes the
amount of inclination correction) is plotted as a function of the ob-

served axial ratio g, for three different values of g.
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Figure 1.7: Variation of the intrinsic axial ratio, qo as a function of morpho-
logical type, T of a galaxy, as described by various authors (see
text). Heidmann (BGC) and Heidmann (Holmberg) refer to two
different catalogs used by Heidmann et al. (1972)
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1/sini

Figure 1.8: Values of 1/ sini (using equation 1.13) for three different values
of go. Inclination is assumed to be go° if g < gy. Since inclinations
closer to face-on are not very useful in the TF relation, the plot
shows only the values of 1/ sini that are smaller than 3. The y-
axis is logarithmic in the above plot.
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1.7.2  Turbulent motion correction

In a galaxy, the hydrogen gas has random motions in addition to the
circular motions. While the maximum rotation velocity in galaxies
for which the TF relation generally applies ranges from ~ gokm s™* -
300km s, the random motions are 10km s™* (see Kamphuis &
Sancisi 1993 for example). The effect of these random motions is to
widen the observed line profile.

If the line-of-sight random motions (turbulent velocities) are oy
across the galaxy, then the line-profile widening is given by a con-
volution of the circular-speed line profile with by a Gaussian of
standard deviation (or dispersion) ¢y. The Gaussian function f(x)
with standard deviation oy is:

ETH
flx) = ! e 205 , (1.18)

V270

where yu is the mean. The width of the Gaussian of standard devia-

tion oy at a level [ percent of its peak is given by:

thz = 20’0 2In <@)
l (1.19)

= 20’0k(l).

As mentioned in section 1.5, the TF relation is a strictly empirical

one, and the corrected line widths may or may not represent the
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maximum (vmax) or the flat (vg,) portion of the rotation curves
of galaxies. Assuming that the Hi1 line-profile width is used as an
indicator of the maximum rotation velocity of the galaxy, we need to
correct the observed H1 line widths for the random motions in the

gas. The observed line width can then be written as:
Wl,observed = 20max Sini + Wt,l- (1.20)

(Unless otherwise stated, W gpserved 1S abbreviated as W in this doc-
ument.) BGrv assumed that the turbulent motions in the gas are
isotropic in the plane of the galaxy disk, and the ratio of the tur-
bulent motions in and normal to the plane of the galaxy disk are
given by a constant s. Specifically, if oy = 0y, is the dispersion in the
random motions in the galaxy plane, then 0, = 0y /s, and s > 1 (see
Figure 1.9, adapted from BGrv).

The equation of the ellipse in the x-z plane is:

2 2

z X

—+—==1 1.21
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Figure 1.9: Velocity ellipsoid for a galaxy. In this case, 0y = 0, = so,
and s > 1. 0y is the line-of-sight turbulent velocity.

where z = 0y cosi, and x = 0 sini. Making the above substitutions

in equation 1.21 above, we get:

2 ¥
o5 [ sin“i )
—0< 5 +coszz>=1
5

0%

= 09 =03 (1.22)

By analogy with the then known kinematic properties of the flattest
components in our Galaxy (Hi1, Hi, oB stars), BGpv used s = 1.5,
although in recent work, it has been customary to assume s = 1,
which means that the random motions are isotropic in all the dimen-
sions (see for example de Vaucouleurs et al. 1983, van der Kruit &

Shostak 1982). For s = 1, 0y = 0 = 0y = 0.
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BGrv found that the turbulent motion corrections needed were
more than if they assumed Gaussian peculiar velocities. In particular,
assuming a Gaussian gives k(20) = 1.80 (equation 1.19), but they
found that using k(20) = 1.89 resulted in a lower scatter in the TF
relation in their sample. Similarly, k(50) = 1.18, but they found
that k(50) = o0.71 resulted in a better TF relation for line widths
at 50% of the peak.

BGrv assumed that the increase in the line width due to the
line-of-sight turbulent motions is equal to the width at the level of
measurement of a Gaussian with dispersion . In general, this will
be true only if the line profile shape is two delta functions (two sharp
peaks with no or little flux at velocities immediately surrounding the
peaks). If this is not the case, a more analytical method of correction
is needed.

Tully & Fouqué (1985) (TFq hereafter) assumed that a linear sub-
traction should work for galaxies with large line widths, but a quadra-
ture subtraction is needed for galaxies with smaller line widths. They
proposed a formula to correct for the turbulent motions, which de-
generates to linear subtraction in the case of large line widths, but

performs quadrature subtraction for smaller widths (see Figure 1.10):

2 2
_ ﬂ) ,(ﬂ)
W =WE+WE —2W W, [ 1—e (Wc/l —2Whe \"1/

(1.23)
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where Wy is the line width after correction for turbulent motions
at level [; W, is the increase in line width at level I due to random
motions (equation 1.19); and W, is a parameter that defines the tran-
sition region from linear to quadrature subtraction. The generally as-
sumed values of W, ; are W59 = 120km s and W50 = 100 km s™*.
TEq also found deviations from Gaussian in turbulent motion correc-
tion, and suggested k(20) = 1.96. They assumed isotropic turbulent

motion (s = 1), and 0y = 12km s™".
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Figure 1.10: The turbulence-corrected line width as a function of observed
line width, for linear and quadrature subtractions. The quadra-
ture subtraction is less when the observed line width is small.
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Broeils (1992) tried a similar method. He did not decouple oy
and k(I). He also realized that vmax may be greater than vg,;, the
velocity at the flat portion of a rotation curve. He then determined
the corrections needed by empirically finding W;; for which the
corrected (turbulence and inclination) line width was equal to Umax
or Ugyt. The results from his method had a large scatter, so he rejected
them.

vsR used Hi1 data from the Ursa Major Cluster of Galaxies, and
did the turbulent motion correction in two steps. First, they corrected
for line broadening due to instrumental resolution (see section 1.7.3).
After applying that correction, they determined the correction due
to turbulent motion in a method similar to Broeils (1992), but with
their higher signal-to-noise ratio (SNR) data. After applying their
formulation for instrumental resolution correction, which is different
from the one applied by Bottinelli et al. (1990) (see the next section),

they found that:

thzo =22kms ¢,
(1.24)
Wi 50 = 2km s,
where W; ;, when used in equation 1.23 gives Wg;, which is twice
the the maximum part of the rotation curve vmax. As in Broeils

(1992), VSR also considered vmax and vy, in their determination of

turbulence correction. They also found that it is extremely difficult



56

and unreliable to retrieve the vg,; in a mixed sample of galaxies, but
determination of vmay is easier. For more details, see VsR.

Springob et al. (2005) did not measure the line width at a given
percentage of the peak. After identifying the peak flux level f, for
each horn of the line profile, they fit a polynomial between the
levels of 15% and f, — rms, where rms is the root-mean-square noise
per channel in the observed line profile. The fitted polynomial is
different for each edge of the line profile. If V; is the velocity at the
rising edge where the corresponding polynomial has a flux of 50%
of f, —rms, and similarly, V, for the falling edge, they defined the line
width, Wgsg as the V,, — V). They also defined other line widths: W50
is the width measured at 50% of the mean flux density, Wps is
the width measured at 50% of f, — rms, Wpy is the width at 20%
of f, —rms, and Wypsg is the width at 50% of each of the two peaks

minus the rms value.

1.7.3 Instrumental resolution correction

Because of a finite resolution (in velocity/frequency) of the observing
instrument, the line profile is further broadened. If the resolution

of the observing instrument (a single-dish telescope, for example)
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is R (FwHM), then the broadening can be approximated by a convolu-

tion with a Gaussian with dispersion or given by:

OR = R (1.25)
ARV *

Since the convolution of two Gaussians is another Gaussian, the
combined effect of turbulent motions and finite instrumental resolu-

tion is to broaden the line profile by convolving it with a Gaussian of

U. =/ 0} + 03, (1.26)

where o is defined above in equation 1.25.

dispersion o, where:

The most common and widely used method of determining and
correcting for instrumental broadening is given by Bottinelli et al.

(1990). Based upon H1 data of many galaxies, they found that:

W) r—o = Wy g + (0.014]" — 0.83)R — 0.56(1 — 1), (1.27)

where [ and I are the two different levels at which line-profile widths
are measured. If I = I/, then the above equation takes a simpler form,

and the equations for / = 20 and | = 50 are:

Wao,r=0 = Wao,r — 0.55R
(1.28)

WSO,R:O = WSO,R —0.13R.
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The widths above are not corrected for turbulent motions in the
galaxy.

Following vsRr, the observed line width at 20% of the peak is
broadened from the case of zero turbulence and zero instrumental

resolution by (see equation 1.19):

AWZO =0V 8In5

= \/U§+(712{\/81n5.

Then, the broadening just due to the finite instrumental resolution is

(1.29)

given by:

5W20 = AWZO — o0V 8In5

2
— oov/BInG | 11+ (RIO0)° _
8In2 (1,30)

(R/U'())Z

-1
5.55

=3.5907 [\/1+
1.8 OUTLINE OF THE THESIS
Based upon the previous discussion, it can be seen that many differ-

ent factors affect the calibration and application of the TF relation, and

some of those factors could be inter-dependent. For example, higher
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values of inclinations lead to smaller corrections in the observed line
widths (equation 1.12). Similarly, the turbulent motion correction is
higher if one over-estimates the line-of-sight turbulent motion in a
galaxy (1.20).

The aim of this thesis is to understand kinematics of disk galaxies,
and in particular the various factors that go into the Tully-Fisher
relationship. In order to do that, I have developed a detailed 3-
dimensional kinematic model of Hr in disk galaxies.

Chapter 2 describes the physical model in detail. It also describes
the implementation of the model, including algorithms used in the
implementation.

In chapter 3, I discuss the results from the model. I also compare
the output of the model for a sample of galaxies. I discuss the differ-
ences in the output and the observations. I also study the effect of
varying various parameters on the output from the model.

In chapter 4, I discuss few of the general results from the model.
In particular, I discuss various methods of turbulent motion and
inclination correction and their effects on the corrected line profile
widths.

Finally, in chapter 5, I summarize the results and discuss future

directions.



MODELING H1 IN GALAXIES

Beware of bugs in the above code; I
have only proved it correct, not tried
it.

Donald Knuth

Debugging is twice as hard as
writing the code in the first place.
Therefore, if you write the code as
cleverly as possible, you are, by
definition, not smart enough to
debug it.

Brian W. Kernighan

I have created a model of neutral hydrogen (HI) in disk galaxies in
order to study the connection between galaxy kinematic properties
and the measured H1 line width. The model is written in the pro-
gramming language Python. In this chapter, a detailed description of

the model is presented.

2.1 MOTIVATION

The motivation for the model comes from many of the factors men-

tioned in chapter 1.
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In particular, the empirical assumptions used in line width cor-
rections need to be tested to see if they make physical sense. For
example, the broadening of line profiles as defined by equations 1.20
and 1.30 both assume that the effect of turbulent motions and finite
instrumental resolution of the observing telescope is to widen the
line profiles by an amount that is equal to the width of an appropri-
ate Gaussian at the level of the measurement of the line profile. As
mentioned in section 1.7.2, mathematically, this works only if the H1
line profiles are two delta functions. Since this is not the case for real
galaxies, it is important to test if the corrections for these effects are
correct.

Galaxies, even of the same type, have different rotation curve
shapes. The effect of rotation curve shapes on the Hi line profiles
and the TF relation needs to be understood more clearly.

There may or may not be a direct connection between W; and vmax
Or Ugy. It is important to determine if such a connection is real,
giving us a stronger physical basis for the TF relation, or if the TF
relation works even without this connection. The original relation, as
proposed by Tully & Fisher (1977), is empirical.

If the rotation curves and surface H1 density distributions de-
rived from the Very Large Array (vLA), Westerbork Synthesis Radio
Telescope (WsRT), or any other interferometric telescope are used in a
kinematic model, then the kinematic model should reproduce repro-

duce the observed Hr1 and velocity field. This not only verifies the
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accuracy of the kinematic model, but also is a check on the observed
data and their analysis.

Once the model is tested for a few galaxies, it can be used to do a
study of Hi line profile parameters.

The maximum rotation speed of a galaxy contributes the most
to its Hr line profile width. The other effects that widen the line
profile are random motions, the velocity resolution of the observing
telescope, and presence of other factors such as high-velocity clouds
in the galaxy. The actual rotation curve shape, the surface density
distribution, and the distribution of random motions define the shape
of the line profile. In addition, for galaxies that are not completely
edge-on, the line profile is narrowed by a factor sini, where i is the
inclination of the galaxy disk.

In general, these parameters (circular speed, vc(r), surface den-
sity, p(r), and random motions, 0y(r)) are not azimuthally symmetric
in a galaxy disk. In cylindrical coordinates, it is more correct to have
the above depend not only on 7, but also on the azimuthal angle, 6.
In practice, v.(r) and p(r) are derived from radio observations, such
as from the via and the wsrrt, and usually they are calculated for
two sides of the galaxy, the approaching side and the receding side.
For example, A1rs task gal can be used to fit tilted-ring models to the
approaching and receding sides of a galaxy at different radii, and
return the rotation curve for the two sides separately. The random

motions are usually assumed to be isotropic.
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Another factor that influences the line profile shape is the z-
dependency of velocity and density, where z is the axis perpendicular
to the galaxy disk. The density in z is usually taken to be exponential,

with a characteristic z as the scale height.

2.2 THE MODEL

The model itself consists of a 3-dimensional distribution of v, p, 0y,
and other galaxy properties such as inclination, scale height, galaxy
distance, etc. (see below). Using these parameters, it is possible to
create Hi1 line profiles, maps of neutral hydrogen intensity as seen on
the sky, channel maps (to compare them with the channel maps from
the radio telescopes), and position-velocity diagrams for a galaxy.

As a test, the above parameters come from the observations of H1
in galaxies, and the properties derived from the model are compared
with the observed properties for those galaxies.

A galaxy in the model consists of three-dimensional cells, in the x,
y, and z dimensions. The total number of cells of H1 in a galaxy
is ny X n, x nz, where n; is the number of cells in the i th dimension.
The number of cells in a typical model is ~ 10° (ny = n, = 103).

A galaxy has certain global properties:
e distance, d in Mpc

* inclination angle, 7 in degrees (0° is face-on)



* surface density distribution, in Mg /pc?

e circular velocity distribution, in km s™*

¢ scale height of the disk, zmax in pc

* heliocentric velocity, vpe in km s™%; positive if receding
* semi-major axis, 4 in pc

¢ position angle of the major axis on the sky in degrees

* its position in the sky (R.A. and declination)

The last three parameters — the galaxy semi-major axis, the galaxy
position angle and the galaxy position — are not necessary for the
model, but they are known, and they allow direct comparison of the
modeled data with the observations.

In addition to the above properties, a galaxy has other parameters
associated with it, which describe the parameters for a particular
(single-dish and/or array of telescopes such as the vLA and the wsrr)
observation of the galaxy. We will talk about these parameters in

detail later.

2.2.1  Coordinate system

For an edge-on (i = 90°) galaxy, the x-axis points toward the observer.
The y-axis points to the right, as seen by the observer, looking toward

the galaxy. The z-axis completes a right-hand coordinate system (thus,
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the z-axis points along the vector normal to the plane of the galaxy,
centered at the galaxy).

This coordinate system is attached to the galaxy. Therefore, in a
galaxy inclined at an angle i, the coordinate system is rotated counter-
clockwise about the y-axis (as seen from +y-axis). In addition, a
galaxy can be rotated in its plane (about the z axis). This rotation
angle is denoted as ¢, which is positive if the rotation is counter-
clockwise about the z-axis, as seen from -z-axis (Figure 2.1). ¢ is
usually 0°, but it can be useful to test the effect of nonzero ¥ on the
observed galaxy properties, such as line profiles in the absence of
axial symmetry.

As described at the beginning of this section, the rotation curves
and the surface density profiles for galaxies are usually published
for the approaching and receding sides separately. These are az-
imuthal averages of the velocity and surface density values for the
approaching and receding sides respectively. By rotating the galaxy
in the x-z plane, it is possible to see the differences introduced by
such a rotation on the line profile shape, and line widths. This is
done in chapter 4.

Line-of-sight velocity is positive for the receding parts in the

galaxy, and negative for the approaching parts.
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To observer

Figure 2.1: Partitioning a galaxy into cells, as seen from the ‘top’. The
cells marked O get their density and circular speeds from the
‘approaching’ part of the surface density profiles and rotation
curves, while and the cells marked as O get their values from the
‘receding’ part of the data. Note that the filled and the unfilled
cells are approaching and receding respectively only if { = 0°.
In the above figure, n, = ny =17, i =90° and ¢ = 30°.



2.2.2  Cells in a galaxy

The number of cells in each dimension (1;, as described above) is an
odd number. This insures that the central cell in the galaxy is exactly
centered at the origin of the coordinate system defined above (see
Figure 2.1).

Each cell has certain properties associated with it:

¢ the surface density at the center of the cell, in M /pc?, which
is the cumulative density at the cells looking directly down
the z-axis. The sum of densities of all the cells along a given z
direction equals the surface density of the galaxy at that point.
The model assumes that the galaxy is symmetric about z = o

plane.

¢ the three dimensional velocity at the center of the cell (vy, vy,

Vz).

¢ the three dimensional turbulent velocity (assumed to be a Gaus-

sian distribution) at the center of the cell (0%, 0y, 07).

2.2.3 Creating line profiles

Each point (cell) in the galaxy generates a line profile that is a Gaus-

sian centered at the line-of-sight velocity at that cell, and with a
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dispersion cp, which is equal to the line-of-sight turbulent velocity at
that cell.

Also, as mentioned in section 1.7.3, the observed line profile
for a galaxy is broadened because of finite velocity resolution of
the observing telescope. If the instrumental resolution (after any
smoothing of the line profile) is R (FWHM ), then the effect of that
instrumental resolution is as if the actual line profile of the galaxy is
convolved with a Gaussian with a dispersion o (see equation 1.25).

Given that the convolution of two Gaussians is another Gaussian,
we can calculate the line profile by first assuming that each cell
generates a ‘line profile’ centered at its line-of-sight velocity, and then

convolving it with a Gaussian that has dispersion c; given by:

0c = \/0% + 0% (2.1)

The area under the line profile from a cell is proportional to
the H1 mass of that cell (see equation 2.2).

For most disk galaxies, the assumption that the turbulent velocity
is independent of position in the galaxy works well. In some cases,
the z-axis turbulent velocity is assumed to be different from the x-
and y-axis turbulent velocity. Even in those cases, as long as the x-,
y-, and z-components of the turbulent velocities are constant across
the galaxy, the line-of-sight turbulent velocity will be isotropic (see

section 1.7.2).
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The line profile from each cell is such that the area under the

profile (in Jy km s™'), S, is given by (see equation 1.5:

Mis _ 5 356 « 10°42S, (2.2)
Mg

where d is the galaxy distance in Mpc, My, is the cell-HI1 mass,
and M is the mass of the sun (1.988 92 x 103° kg).

In cylindrical coordinates, we have the following relations:

2 2
rCylzx +y/

-1 (Y
0 = tan <x> , (2.3)
z =2z,
and:
vy = —vc(r) sin#,
vy = vc(r) cos, (2.4)
v, = 0.

In the above equation v, represents non-circular, non-planar mo-
tions, and is o, assuming purely circular motions parallel to z = o

plane. In order to calculate the line of sight velocity of a cell, we
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first calculate the velocity assuming i = 9o°. For this, referring to

tigure 2.2, we see that:

T
Vlos,i=90° = Uc COS (E - (lp + 6))
= vsin (P + 0)
= v, (sinp cos O + cos P sin H)

= vy siny — vy cos .

. Ve
Yios [ / %
i,,,w 0 (X,y) g — (1/]—|—9)

To observer

Figure 2.2: Calculating the line-of-sight velocity for a point in the galaxy.
The point (x,y) makes an angle 6 = tan™* (£) with the x-axis.
The vector v, is the circular velocity, which is perpendicular to
the radial line from the origin (O) to the point (x,y). ¥ is the

galaxy rotation angle, and ¢ = 30°, as in Figure 2.1.

It can be shown that the above formula is valid even when the

point (x,y) lies in any of the four quadrants in the x-y plane.
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Now, for an inclination i # 9o°, the line-of-sight velocity is:

Vlos = Ulos,i=90° SINT + V7 COS i + Upel
(2.6)

= (vy sin ) — vy cos P) sini + v, COSi + Vhel.

The addition of v in equation 2.6 is due to the motion of the
galaxy at a speed vy with respect to the sun (heliocentric velocity).

The line of sight turbulent velocity is given by:

Ox0z

0p = .
\/(Ux cosi)? + (0 sini)?

2.3 THE SOFTWARE MODEL

For all the calculations involving real numbers, double precision
floating point numbers are used. Even with double precision, some
calculations may give results that are mathematically invalid. This is
a due to the particular format the floating-point numbers are stored
in computers, and is different from rounding errors. All effort has
been made to minimize such cases. For a discussion of some of
the issues with floating-point numbers, see Goldberg (1991), Kahan

(2004), Monniaux (2007).
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2.3.1  The galaxy

The software manifestation of a galaxy is a data structure that holds
various galaxy parameters, such as the density and velocity distri-
bution, the distance to the galaxy, etc. The data structure also holds
parameters relevant to a particular observation of the galaxy, such
as the instrumental resolution of the telescope, the beam size of
the telescope, etc. For a complete description of the parameters, see
appendix B. In addition to these parameters, the galaxy data struc-
ture uses many functions to calculate line profiles, channel maps,
position-velocity (p-v) diagrams, etc.

In addition, there are some “utility functions’ that are used to read
the galaxy density and velocity data from files, plot the line profiles,

etc.

2.3.2 Rotation curves and density profiles

The data from H1 observations of galaxies can be used to determine
their Hr rotation curves and surface density profiles. It is usually
possible to fit rotation curves separately for the approaching and the
receding sides. The model uses these fitted curves to assign density
and velocity to each cell in the galaxy. To do this, a few things are

done.
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First, the distance of each cell (in pc) from the galaxy center
is determined. The coordinate system that is the most useful for
this kind of analysis is the cylindrical coordinate system. Hence,
each cell’s position is converted to cylindrical coordinates. After
determining the distances, the circular velocity and the density at
the cell is determined by linearly interpolating the rotation curve
and the density profile. If the rotation curve and/or the surface
density profile is available for the approaching and the receding side
separately, the appropriate part of the curve is used for interpolation
depending upon the y coordinate of the cell.

Second, the maximum radius of the published rotation curves are
not necessarily the same as the maximum radius of the published
surface density profiles (see section 3.3). In case the two maximal radii
are different, the model extrapolates the data with lower maximum
radius to match with the higher radius.

After determining each cell’s H1 density and velocity, the line
profile from the cell is created as described in section 2.2.3. Adding
the line profiles from all the cells gives the total Hr line profile for

the galaxy.



COMPARING THE MODEL WITH THE
OBSERVATIONS

There is something fascinating
about science. One gets such
wholesale returns of conjecture out
of such a trifling investment of fact.

Mark Twain

In this chapter, I discuss the results obtained from the model and
compare them with the observations for 7 galaxies. The aim is to
successfully generate line profiles for galaxies with known rotation
curves and surface density profiles, and compare them to their ob-
served HI profiles.

I first present the results for a sample of density and velocity
distributions to test the model, and compare the results with the
expected analytical results. Once the model is verified using the
sample distributions, I use it on galaxies from observations, and
compare the results from the model with the observed properties.
I discuss the differences, if any, in the simulated line profiles and
actual line profiles for these galaxies.

The galaxies used for modeling in this chapter cover a wide range

of rotation curve types, maximum rotation velocities, and inclinations.
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Thus, the galaxies cover a reasonable range of galaxy cases in the TF

relation.

3.1 SIMPLE ‘GALAXIES’

A few simple density and velocity distributions can be used to make
sure that the numerical model produces the same line profiles as pre-
dicted analytically. Since, in general, predicting line profile intensities
is non-trivial except for really simple distributions, I compare three

such distributions and briefly discuss the results.

3.1.1  Constant circular speed, uniform density

The simplest case is of an edge-on (i = 90°) galaxy with a constant
circular velocity in the disk, uniform Hr1 density, and no random
motions (0p = 0). See table 3.1 for details on the parameters for
such a galaxy. This galaxy is referred to as the simple galaxy in this
document.

Figure 3.1 shows a ring at radius 7 in such a galaxy. Referring to

the figure, we have:

v = v.sinf

(3.1)
= § = sin"! <£> .

Oc



Parameter Symbol Value
Distance d 10 Mpc
Inclination i 90°
Surface density o 1Mg/pc?
Circular speed v 100kms™!
Radius R 2x10%pc

Table 3.1: The parameters used in modeling a constant circular speed, uni-
form density galaxy.

X
To observer

Figure 3.1: A constant circular-speed galaxy, with uniform Hr density. Only
a ring of H1 at a radius r is shown.
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If we denote the line of sight velocity by v}, then the observed
velocity distribution function, f(v) is found by differentiating the

cumulative velocity distribution function, F(v},s < v;v.), where

t/2+ 6
F (Ulos < UC) = - . (3-2)

The cumulative velocity distribution, F(vj,s < v;7.) is the proba-
bility of observing a line of sight velocity that is less than or equal
to v, given that the (constant) circular speed of the galaxy is v..

Thus,

pa
S
[l
a2]a

Q

(3-3)

I
=
Q.
&=

<]

)

L
A/~
SN
~

If the surface density, in M /pc? of the galaxy is p and the disk
has a radius of R (pc), the mass of the galaxy is M = ptR*M,. Then,
using equation 2.2, the integrated H1 flux of the galaxy is:

__ pnR?
~ 2.356 x 10542

1

S Jy kms .

(3-4)
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From equations 3.3 and 3.4, we have the flux as a function of the

observed velocity:

S(v) =S x f(v)
PR’

= Jy. (3.5)

2
2.356 x 1052001 — (3)
Oc

Substituting the values of p, R, d, and v. from table 3.1, we get:

5(0) = 0170 (3:6)

1= (155)

Figure 3.2 shows the numerical line profile from the model and

the analytic line profile from equation 3.6. As expected, the cal-
culated flux at line-of-sight velocities whose magnitude is greater

1

than 100km s™" is zero, because there is no point on the galaxy

surface with these (line-of-sight) velocities.

3.1.2  Solid body rotation

The galaxy has a uniform surface density, and has a rotation speed

that is linearly proportional to the radial distance from the center:

Uc(r) = wr (3.7)



79

T4 Analytic ——
Numeric

1.2

I
o
T

Il

Flux density (Jy)
=

I
N
T

-150  -100 -50 0 50 100 150
Uhel

Figure 3.2: Simulated (points) and theoretical (line) line profiles for a galaxy
with constant circular speed.
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Parameter Symbol Value
Distance d 10 Mpc
Inclination i 90°
Surface density 0 1My /pc?
Circular speed ve(7) wrkm s™*
Angular velocity w 5x10 3rads '
Semi-major axis R 2 X 104 pc

Table 3.2: The parameters used in modeling a solid-body rotation curve
galaxy.

The test galaxy is almost the same as the constant circular speed
galaxy, but with v.(0) = okms™" and v.(R) = 100kms™" (see
table 3.2).

Figure 3.3 shows an infinitesimally thin ring of thickness dr at a
radius r for such a galaxy.

For the ring in the figure, the reasoning of section 3.1.1 applies, but
with the difference that the area of the galaxy is replaced by the area
of the ring, and the result is integrated for all r. Thus, equation 3.4

now becomes:

P X2mr
~2.356 x 10542

ds dr Jy kms™*. (3-8)
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/ dr
y

X
To observer

Figure 3.3: A solid-body rotation curve galaxy, with uniform H1 density.
A ring at radius r, with thickness d r is shown. The rest of the
details are the same as in Figure 3.1.
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Therefore, we have:

dS(v) =dS x f(v)

_ 2pr dr
542 o\’
2.356 x 105d2v, (r) 1)1 — (vc (r)) (3-9)
_ a dr Iy,
1- ( Y )2
v (1)
where,
20

4

= 2356 x 105420 (3.10)

The above equations are valid only for |v| < v.(r), or equiva-
lently, r > |v|/w.

We can now calculate S(v):

i 0 \2
w 1 _ .
<a)r> (3.11)
v \2
—aR\1- (=) Iy
Substituting the values from table 3.2 into equations 3.10 and 3.11,

we get:

S(v) = 0.340/1 — (%)2 Jy. (3.12)

Figure 3.4 shows the simulated line profile for the galaxy de-
scribed in table 3.2, as well as the profile described by the equa-

tion 3.12.
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Figure 3.4: Numeric (points) and analytic (line) line profiles for a galaxy
with a solid-body rotation curve as specified in table 3.2.



Parameter Symbol Value
Distance d 10 Mpc
Inclination i 90°
Surface density 1Y a—br

a 1My /pc?

b 5% 10 2 Mg pc3
)

Circular speed ve(r cR for r < Ry,
100 km s~ ! otherwise

c o.o2km pc st

Ry 5 X 103 pc

Semi-major axis R 2 X 10% pc

Table 3.3: The parameters used in modeling a rising+flat rotation curve,
linear density galaxy. The values a and b are chosen such
that p(0) = 1 Mg /pc?, and p(R) = o.

3.1.3 Rising+flat rotation curve, linear density fall-off

In the final ‘simple’ galaxy, p(r) linearly falls as the radial distance,
and the rotation curve linearly rises in the inner part before flattening

out for large radii. Mathematically,

p(r) =a—br, (3.13)

and,

cr for 0 <r <Ry,
vc(r) = (3.14)
cR; for Ry <r <R,

where 4, b, ¢, and R; are constants. The simulated galaxy has the

values chosen such that p(R) = o (so, a = bR; see table 3.3).
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Figure 3.5: Rotation curve for a galaxy with linearly rising and flat rotation
curve, and linearly falling surface density.

The rotation curve and the density distribution for the simulated

galaxy are shown in figures 3.5 and 3.6.
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Figure 3.6: Surface density distribution for a galaxy with linearly rising and
flat rotation curve, and linearly falling surface density.
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For this case, f(v) is given by equation 3.3, and d S is given by
equation 3.8. Substituting equation 3.13 in the first expression of

equation 3.9, we get:

_ (a—=br)x2mr 1
45(0) = 2356 x 1052 — dr

w - (55)

_ 2(a—br)r 4

2.356 x 10°d2v, (r) \/ 1— (J@))z (3.15)

_ (a—br)r

v \2
e \/1 (=)
where

B 2
b= 2.356 x 10°542°

(3.16)

To get the equation for the line profile in this case, integrating

equation 3.15 gives:

Ry (a—br)

’B \I
¢ / R
1 1
CI’ CR1

—br)rdr.

(3.17)
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Solving the integral in equation 3.17 gives:

ﬁaRl 1 (ch

2
8Bbc |c*R34/1— (%) —v*log
CR1 (

2

()

Riy/1— | —
c*1 (CRl)

Finally, substituting the values of the constants in equation 3.18

from table 3.3, we get:

v) = 0.0194/1 —
100 x (1 T /1— (%)j

2.65 x 10~ 7v% log o]

_|_

0.048

- (3.19)

~ (100

Figure 3.7 shows the theoretical and simulated line profiles for a

galaxy described in table 3.3.
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Figure 3.7: Numeric (points) and analytic (line) line profiles for a galaxy
with linearly rising and flat rotation curve, and linearly falling
surface density.
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3.2 EFFECT OF VARIOUS PARAMETERS ON THE LINE PROFILE

Before discussing the modeling of actual galaxies, I will discuss
the effect of altering various parameters on the overall shape and

structure of an H1 line profile.

3.2.1  Effect of inclination

Assuming that the H1 motion is in the x-y plane (v, = o as in equa-
tion 2.4), and not considering the random motions in a galaxy, the
line-of-sight velocity of a galaxy inclined at an angle i is a factor sini
smaller than that for the same galaxy edge-on (see equation 2.6).
Thus, the HI line profile of a galaxy inclined at an angle i is nar-
rowed by a factor sini. The galaxy flux (in Jy km s™*) is proportional
to the galaxy mass. Therefore, in the absence of self-absorption, the
observed H1 flux is independent of inclination. Because of the reduc-
tion in width of the Hr profile, the observed flux density at a given

velocity increases by a factor 1/ sini.

3.2.2  Effect of random motions

As shown in section 1.7.3, the effect of random motions is to broaden
the line profile of a galaxy. Again, since the integrated flux remains

constant as the magnitudes of the random motions are changed in
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Figure 3.8: Line profile for a galaxy with constant circular speed and uni-
form density, and three different values of random motions (o,
5,and 10km s™).

a in a galaxy, the overall effect is to broaden the profile and bring

the peaks of the line profile down. Figure 3.8 shows the effect of

changing the turbulent motions on the line profile for the constant

circular speed, uniform density galaxy. The effect of finite velocity

resolution of the radio telescope is similar.
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3.2.3 Effect of distance

The effect of galaxy distance is to decrease the total observed flux.
The flux density goes down as 1/d4?, where d is the distance to the

galaxy.

3.3 ACTUAL GALAXIES

In this section, I describe the results of the model for some real
galaxies for which the rotation curve, density distribution, inclination
etc., are available from published data. In order to test the model and
make useful predictions from the simulations, the galaxies simulated
have a range of inclination angles, line profile widths, and rotation
curves. Most of the simulated galaxies are in the Ursa Major Cluster
of galaxies, for which aperture high angular resolution aperture
synthesis data comes from vsr. These observations allow comparison
of a consistent set of data with the simulation, and hence it is easier
to compare the model with the observations.

From observations, it is possible to determine the rotation curve
and the surface density profiles of a galaxy. The rotation curve is
usually obtained by fitting tilted rings to the H1 map of the galaxy.
Because the sNR in the outer parts of the galaxy is low, and because
the line-of-sight velocity is measured only at the approaching and

the receding edges of the galaxy, the determination of rotation curve
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from aperture synthesis observations is usually limited to radii which
are smaller than the radii for which the surface density can be de-
termined. Hence, the published rotation curves usually go out to
smaller radii than the surface density plots.

In such cases, two approaches are used to model the galaxy.
First, the rotation curve is extrapolated to the same radius as the
surface density profile using the last value of velocity as the rotation
velocity for all the higher radii. Another approach used is to linearly
extrapolate the velocity based upon the last two values of the rotation
curve. Because the density in the outer parts of a galaxy is low, these
two approaches do not result in any significant differences in the
simulated line profiles. Hence, we have used only the first method of
extrapolation of velocities for higher radii.

Also, since the tilted ring method of fitting a rotation curve relies
on the inclination of the galaxy being known, if the true inclination
angle of a galaxy is different than the published value, the rotation
curve would also be different. To first order, small changes in inclina-
tion modify the rotation curve only by a scale factor in velocity, which
has little effect on the conclusions drawn from the galaxy model.

Both instrumental and turbulence broadening have been applied

to all the generated line profiles in this section.
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3.3.1 UGC 7321

UGC 7321 is a late-type (Sd), nearly edge-on (i = 88° &£ 1°), low surface
brightness (LsB) galaxy. The distance to the galaxy is not certain, with
values ranging from ~ 5Mpc from a kinematical model of the local
supercluster (Tully et al., 1992), to 14.9 Mpc from B-band TF rela-
tion (Garcfa-Ruiz et al., 2002). Matthews (2000) used the brightest re-
solved stars in UGC 7321 from the Hubble Space Telescope to estimate
its distance in the range of 10 Mpc &+ 3 Mpc. uGc 7321 is a ‘superthin’
galaxy. Superthin galaxies have nearly edge-on orientation (i ~ 90°),
show a near absence of any spheroidal component, and have highly
flattened stellar disks (a/b 2 10). UML observed the galaxy with
the via , and found that the Hi distribution (p(r)) in uccy321 is
fairly regular and symmetric, and extends to ~ 1.5 times the stellar
radius. The outer disk shows signs of flaring and warping. Matthews
& Wood (2003) simulated high-latitude gas in uGc 7321 and found
that they got the best fit to the observed data when they included
both flaring and warping in their model. uGc 7321 has no nearby
neighbors to cause gravitational distortion (UML), so the reasons for
the warping and flaring are not clearly understood.

The various parameters of UGC 7321 used in our model are shown
in table 3.4. Most of the values in the table come from UML.

Figures 3.9 and 3.10 show the rotation curve and the surface

density profile of ucc 7321, as derived by UML.
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Parameter Value Unit
R.A., « (1950) 12:17:33.8
Declination, § (1950) +22:32:25

Hubble type (T) Sd 1V
Distance 10 Mpc
PA. 82° £ 0.5°
Inclination 88° £ 1°

Dy 8/15 + 0lo5
Integrated flux 453+05 Jykms™!
Wy 234.3 kms™!
Wso 219.8 kms™?!
Vhel 406.8 kms™!
Turbulent velocity, oy 9 kms™*
Velocity resolution, R 52 kms™?

Table 3.4: The parameters used in modeling of uGc7321. The values are

from UML.
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Figure 3.9: Rotation curve for uGc 7321, from UML.
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Figure 3.10: Surface density profile for ucc 7321, from UML.
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Figure 3.11: Simulated H1 line profile for uGc 7321, with parameters from
table 3.4, rotation curve from Figure 3.9, and surface density
from Figure 3.10. The data for the simulation is from uML.

Using the published rotation curve and density profile, and the
parameters from table 3.4, the simulated line profile is shown in
Figure 3.11.

The integrated flux in the simulated line profile is 46.1Jy km s™*,
while the flux as measured by uUML is 45.3]y km s™* (see table 3.4).
The linewidths of the simulated profile are Wyp = 238.0kms™7,

W50 = 222.3km s~ .



3.3.2 NGC 4088

NGC 4088 is an Sbc galaxy in the Ursa Major Cluster of galaxies, and
has been observed in H1 by vsr. They found evidence of non-circular
motions in the galaxy, so this galaxy serves as a useful test for the
model. For the simulation, the turbulent motions have been assumed
to be isotropic. The galaxy inclination angle is 69°, and its rotation
curve flattens at vg, ~ 183km s™'. The galaxy rotation speed is
much faster than that of ucc 7321, and the inclination angle is closer
to face-on. This galaxy therefore serves as a good test for the model
in addition to uGc 7321.

Figures 3.12 and 3.13 show the rotation curve and the surface
density plot of NGC 4088.

The galaxy parameters used in the simulation are listed in ta-
ble 3.5.

The simulated line profile, overlaid with the actual line profile
of the galaxy is shown in Figure 3.14. The flux in the simulated

1

line profile is 98.9]y km s™*, whereas the flux as observed by vsr

is 102.9Jy km s™*. The simulated line widths are W5y = 366.2km s™*

and W5y = 340.8km s™*.
The simulated line profile shows a few important differences
from the observed profile. First, the slopes of the rising and the

falling edges are steeper in the simulated profile. This could be

due to many factors, such as inclination angle in the simulated
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Figure 3.12: Rotation curve for NGC 4088, from VsR.

Parameter Value Unit
R.A., a (1950) 12:03:01.9
Declination, ¢ (1950) +50:49:04

Hubble type (T) Sbc
Distance 13 Mpc
PA. 231°
Inclination 69°

Dy, 8'5/
Integrated flux 1029+ 1.1 Jykms™!
Wao 371.4 kms™!
Wso 342.1 kms™!
Uhel 756.7 kms™*
Turbulent velocity, oy 10 kms™*
Velocity resolution, R 19.8 kms™!

Table 3.5: The parameters used in modeling of NGC 4088. The values are

from VsRr.
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Figure 3.14: Simulated and observed line profiles for NGc 4088.



102

galaxy being smaller than the ‘true’ inclination of the galaxy, or
the random motions in the simulated profile being lower than that
in the galaxy (see section 3.2.2 and 3.2.1). It could also be that the
algorithms for deriving rotation curves from aperture synthesis data
are subject to minor errors. The effect of making inclination angle
larger is to decrease the flux density in the central part of the profile,
while an increase in the turbulent velocity does not change that
flux — instead, it brings the peaks of the profile down. Increasing
the inclination angle also makes the profile wider. The best match is
obtained with a turbulent velocity of 15km s™*, and an inclination
of 65°. Figure 3.15 shows the simulated line profile in that case. The
integrated flux is the same as before (see section 3.2). The line widths

1

now are Wy = 365.0km s~ ' and W59 = 335.6km s~ .

3.3.3 NGC4100

NGC 4100 is an Sbc galaxy observed by vsr using the wsrT . The galaxy
parameters are presented in table 3.6. With a declining rotation curve,
the galaxy has vmax 7# vfat- Thus, the galaxy serves as an important
test for the model.

The galaxy rotation curve and the surface density profile are
shown in figures 3.16 and 3.17.

Using the rotation curve and the density profile, and the parame-

ters from table 3.6, the simulated line profile for NGc 4100 is shown
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Figure 3.15: Simulated and observed line profiles for NGc 4088. The incli-

nation angle is changed from 69° to 65°, and the turbulent

velocity is changed to 15km s™*.
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Figure 3.16: Rotation curve for NGC 4100, from VSR.

Parameter Value Unit
R.A., « (1950) 12:03:36.4
Declination, é (1950) +49:51:40

Hubble type (T) Sbc

Distance 15.6 Mpc
PA. 347°
Inclination 70°

Dy, 6.9
Integrated flux 41.6 07 Jykms™*
Woo 401.8 £+ 2.0 kms™!
Wso 3805+ 1.8 kms™*
Uhel 10744+t 13 kms™*
Turbulent velocity, oy 10 kms™!
Velocity resolution, R 19.93 kms™!

Table 3.6: The parameters used in modeling of NGc 4100. The values are
from vsRr.
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Figure 3.18: Simulated and observed line profiles for NG 4100.

in Figure 3.18. The line profiles are in good agreement, with little
difference in the line widths. In particular, the simulated line profile
has a width that is a little smaller than the observed width. The
integrated H1 flux of NGC 4100 as reported by vsr is 41.6]Jy km s™7,
whereas the simulated line profile has a flux of 39.6Jy km s™*. The
simulated values for Wy and Ws( are 389.0km s™* and 367.5km s™*,

which are about 10km s~ ! smaller than the observed line widths.

This difference could be due to the factors mentioned for NGcC 4100.
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3.3.4 NGC4010

NGC 4010 is an SBd galaxy in the Ursa Major Cluster of galaxies, and
has been observed by vsr with the wsrt . Table 3.7 lists the relevant
parameters for NGC 4010, and figures 3.19 and 3.20 show the rotation
curve and the surface density profile for the galaxy. With a rotation
curve that keeps rising till almost the end of the observable radius,
the galaxy also serves as an important test for the model.

NGC 4010 presents interesting problems for the model, because of
the presence of strong warps (vsr). In such a case, accurate determi-
nation of inclination, surface density, and precise rotation curve from
the observations becomes extremely difficult. As such, the values
that are the ‘best fit" from the observational data may not be very
accurate. Thus, the model has two problems: first, the inclination
and density profile data might not be very accurate, and second, the
presence of warps means that the line profile is shape could be very
different from the non-warped case.

As mentioned above, the simulated line profile is a poor fit to
the actual line profile. For getting better results, warps need to be
incorporated into the model. The integrated Hr1 flux of NGC 4010 as
reported by vsr is 38.2Jy km s, whereas the simulated line profile
has a flux of 29.7]Jy km s™*. The simulated values for W5y and Ws
are 274.4km s~ ' and 254.4 km s, which are in close agreement with

the observed values. However, this is probably a coincidence, or the
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Figure 3.19: Rotation curve for NGC 4010, from VsR.

Parameter Value Unit
R.A., a (1950) 11:56:01.6
Declination, ¢ (1950) +47:32:14

Hubble type (T) SBd
Distance 15.3 Mpc
PA. 62°
Inclination 77°

Dy, 6-7/
Integrated flux 382+0.3 Jykms™!
Wao 2777+ 10 kms™!
Wi 2641+ 1.2 kms™*!
Uhel 901.9+ 0.8 kms™*
Turbulent velocity, oy 10 kms™*
Velocity resolution, R 829 kms™!

Table 3.7: The parameters used in modeling of NGc 4010. The values are
from vsR.
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Figure 3.20: Surface density profile for NGC 4010, from VsR.
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Figure 3.21: Simulated and observed line profiles for NGc 4010.
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Figure 3.22: Rotation curve for NGC 4157, from VSR.

result of offsetting errors, because the line profiles themselves do not

match well.

3:3.5 NGC4157

NGC 4157 is an SBd galaxy in the Ursa Major Cluster of galaxies, and
has been observed by vsr with the wsrt . Table 3.8 lists the relevant
parameters for NGC 4157, and figures 3.22 and 3.23 show the rotation
curve and the surface density profile for the galaxy. NGC 4157 has the

highest rotation velocity in the galaxies modeled in this chapter.
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Figure 3.23: Surface density profile for NGC 4157, from VsR.

Parameter Value Unit
R.A., a (1950) 12:08:34.2
Declination, § (1950) +50:45:47

Hubble type (T) SBd
Distance 11.5 Mpc
PA. 66°
Inclination 82°

DHI 9'2/
Integrated flux 107.4+1.6 Jykms™!
Woo 427.6 2.2 kms™!
Wi 400.7 3.1 kms™!
Uhel 774.4 £ 1.8 kms™!
Turbulent velocity, oy 12 kms!
Velocity resolution, R 19.88 kms™!

Table 3.8: The parameters used in modeling of NGc 4157. The values are

from VSR.
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Figure 3.24: Simulated and observed line profiles for NGC 4157.
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Parameter Value Unit
R.A., « (1950) 12:13:21.6
Declination, § (1950) +47:22:11

Hubble type (T) SBd

Distance 17.0 Mpc
P.A. 230°
Inclination 85°

Dy, 6.4’
Integrated flux 33.8f07 Jykms™!
Wao 428.1£51 kms™!
Wsg 395.6 £3.8 kms™*
Uhel 1028.8 2.7 kms™*!
Turbulent velocity, oy 10 kms™!
Velocity resolution, R 33.20 kms™?!

Table 3.9: The parameters used in modeling of NGc 4217. The values are

from VsRr.

The integrated flux in NGC 4157 is 107.5]y km s™* (VSR), whereas

the simulated line profile has a flux of 106.9Jy km s™*. The simu-

lated values for Wy and Wsq are 416.9km s™* and 391.0km s™*. The

model and the observational data are in good agreement.

3.3.6 NGC4217

NGC 4217 is an SBd galaxy in the Ursa Major Cluster of galaxies, and

has been observed by vsr with the wsrt . Table 3.9 lists the relevant

parameters for NGC 4217, and figures 3.25 and 3.26 show the rotation

curve and the surface density profile for the galaxy.
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Figure 3.25: Rotation curve for NGC 4217, from VSR.
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Figure 3.26: Surface density profile for NGC 4217, from VsR.
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Figure 3.27: Simulated and observed line profiles for NGC 4217.
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Table 3.10:

Parameter Value Unit
R.A., « (1950) 11:54:43.1
Declination, § (1950) +49:33:44

Hubble type (T) SBd
Distance 13.4 Mpc
PA. 31°
Inclination 28°

Dy, 6'4/
Integrated flux 42.7+03 Jykms™*
Wao 136.5+ 0.5 kms™*'
Wi 122.1+0.7 kms™!
Uhel 7772+ 0.4 kms!
Turbulent velocity, oy 10 kms™*
Velocity resolution, R 829 kms*

The parameters used in modeling of uGc 6930. The values are

from VsRr.

The integrated flux of NGC 4217 is 33.8 ]y km s™* (VsR), whereas

the simulated line profile has a flux of 30.2]y km s™*. The simulated

values for Wy and Wsq are 418.7km s~ and 390.8 km s~ ™.

3.3.7 UGC 6930

UGC 6930 is an SBd galaxy in the Ursa Major Cluster of galaxies, and
has been observed by vsr with the wsrT . Table 3.10 lists the relevant
parameters for uGC 6930, and figures 3.28 and 3.29 show the rotation
curve and the surface density profile for the galaxy. ucc 6930 is the
slowest rotating galaxy of the sample, with vpmax ~ 110km s™".

The simulated line profile for ucc 6930 shows some minor differ-

ences with the actual profile. The width of the simulated profile is
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Figure 3.28: Rotation curve for uGc 6930, from Vsr.
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Figure 3.29: Surface density profile for uGc 6930, from Vsr.
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Figure 3.30: Simulated and observed line profiles for uGc 6930.
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smaller, and the overall flux density is higher in the center. If the in-
clination angle of the galaxy is changed from 28° to 30°, the resulting
simulated line profile is much closer to the actual (observed) profile.

The low inclination angle of uGc 6930 means that the determina-
tion of an accurate inclination angle and rotation curve for this galaxy
is very difficult (Begeman, 1987). The inaccuracies in the rotation
curve and inclination angle determined from the observations can
account for the differences in the simulated line profiles. The model
serves as an important consistency check on the rotation curves and
inclination angles derived from the observations. The lack of a good
match between the simulated and the observed line profiles shows
that the rotation curves and inclination angles as derived from the
observations are not very accurate, and also that the derived values
are not self-consistent with the observed data.

The integrated flux of uGc 6930 is 42.7]y km s~ (VsR), whereas

the simulated line profile has a flux of 43.2Jy km s™*. The simu-

1 1

lated values for Wpy and Wsy are 126.7km s™' and 110.8km s™*.

After changing the inclination to 30° the values of W5y and Ws

are 133.2km s™ " and 117.4km s™".

3.4 COMPARISON OF THE MODEL WITH THE OBSERVATIONS

With the results from the model as described in the previous section,

it is possible to compare them with the observations quantitatively.
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Figure 3.31: Simulated and observed line profiles for ucc 6930. The inclina-
tion angle has been changed from 28° to 30°.
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The percentage difference between the simulated line widths and

the observed line widths is defined as:

p( l) — 100 Wl,observed - Wl,simulated

(3.20)
Wl,observed ’

where the subscript [ is used to denote the level at which the widths
are measured (20% or 50%).

Figure 3.32 shows a plot of the percentage difference using Wy ,
p(20) as a function of the observed value of Wy. Similarly, Figure 3.33
shows the plot of the percentage difference using Wsg, p(50) as a
function of the observed value of Wsgy. The simulated widths are
obtained with the original galaxy parameters, even for NGC 4088 and
UGC 6930.

From the figures, it can be seen that the percentage difference
between the simulated and the observed line widths can be as much
as ~ 10%. UGC 7321 is the only galaxy in the sample with the observed
line width smaller than the simulated width. This is interesting, be-
cause UGC 7321 is the only galaxy in the sample that is not from vsRr’s
survey of galaxies in the Ursa Major Cluster of galaxies.

A plot of the percentage difference in the fluxes, defined in the
same way as in equation 3.20 is shown in Figure 3.34.

With the results for the 7 galaxies above, it can be seen that the
simulated line profiles are different from the observed profiles in a
few respects. Some differences are expected, even if the published

rotation curves and surface density profiles are accurate. The velocity
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and surface density distributions in a real galaxy are complex, and
using their azimuthal averages will result in differences in the simu-
lated profiles. Similarly, the line-of-sight turbulent motions are not
constant for the galaxy, and assuming them to be constant adds to
the differences between the observed and simulated line profiles. But
these factors alone are unable to explain the amount of differences
shown in Figures 3.32-3.34. Specifically, a difference of ~ 10% in the
line widths can only be explained by a lack of consistency in the
rotation curves, inclinations, and surface density profiles determined
from observations.

The integrated fluxes are different by upto ~ 20% from the ob-
served fluxes. Aperture synthesis telescopes miss Hi1 flux in large-
scale structures (Taylor et al., 1999). The total H1 mass of a galaxy
can be calculated from its surface density distribution by integrating

it as a function of radius:

R
MHI:/ 2mrp(r)dr. (3.21)
0

This mass can then be converted to flux using equation 2.2. Com-
bining equations 3.21 and 2.2 results in an expression for Myj; which
depends only upon the angular size of the galaxy, and not its dis-
tance. Thus, the mass is independent of other derived factors such as
rotation curve, galaxy distance, and depends only upon the surface
density profile. The simulated fluxes, derived using equation 2.2,

show a difference of upto ~ 20% from the observed fluxes. Even after
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discarding the data point for NGc 4010 in Figure 3.34, the differences

between the observed and the integrated Hi1 fluxes can be 10%.
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So far, I have discussed the physical and software model, and used
it on a diverse sample of galaxies (chapter 3) in addition to simple
velocity- and density-distributions to show that the model is success-
ful at creating single-dish H1 line profiles given some observables for
galaxies. The model successfully creates line profiles for simple ve-
locity and density distributions, and they match extremely well with
the predicted line profiles for those distributions. For galaxies with
interferometric data, the model is successful in creating most Hr line
profiles to errors within less than 10% or so, both in integrated H1
flux and also in the line widths.

It is important to emphasize that the model contains, by defini-
tion, known galaxy parameters, even if they do not correspond to
the real parameters of the galaxies from which they are derived to
better than 5 or 10%. This allows one to precisely test the accuracy

of corrections used in the literature. In particular, the various tur-

130



131

bulent motion and instrumental resolution corrections described in
sections 1.7.2 and 1.7.3 can be applied to H1 line profiles generated
from the model, and the effect of corrections on the line profile
widths can be studied precisely. In order to do that, I will use the
model to generate line profiles for a set of galaxies with a range
of turbulent velocities and inclinations that are physically realistic.
Turbulent velocity and instrumental resolution corrections should
return the line widths that are equal to the zero-turbulence case in
the model.

To conserve space and avoid repetition, some of the results are
presented only for a subset of galaxies described in chapter 3, but

they apply to all of the galaxies modeled.

4.1 EFFECT OF GALAXY ROTATION

As described in section 2.2.1, a galaxy can be rotated in the x-y plane
by an angle 1. Changing the rotation angle of a galaxy with no
azimuthal dependence of its parameters has no effect on any of its
observed properties. In this section, I discuss the effect of rotation on
the observed properties of NGC 4088 and NGc 4157, where the rotation
curves and H1 density are different for the two halves of the galaxies.
For this, the galaxy rotation angle is changed in steps of 10° from 0°

to 360°.
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4.1.1 NGC4088

Figure 4.1 shows a plot of the observed W,y and W5 as a function
of the rotation angle, ¢. Since W5 is measured at a higher flux level
than Wy, and line profile asymmetries are more prominent at higher
fluxes, changing the rotation angle affects W5y more than Wpy. A
curious feature of figure 4.1 (and the same plot for NGc 4157) is the
existence of the flat portions in the two plots, for example for i < 50°.
This can be explained by the fact that the areas near the peaks of the
line profiles are determined mostly by points moving almost directly
along the line-of-sight of observations, and these points do not get
affected by the rotation of the galaxy unless the rotation is 2 50°.
Figure 4.2 shows the HI line profiles for NGC 4088 for three differ-
ent values of the rotation angle (y = 0°,90°, 180°). A rotation by 9o°
makes the galaxy symmetric about the line of sight (see Figure 2.1),
so the simulated line profile is symmetrical as well. For a galaxy
rotated by 180°, the line profile is the mirror image of the line profile

in the case of no rotation.

4.1.2 NGC4157

Figure 4.3 shows a plot of the observed W5y and Wsq as a function
of the rotation angle, 1. As expected, W5y is more sensitive to ¢

than W20 .
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Figure 4.1: Plot of the observed W5y and W5 for NGC 4088 as a function of
the rotation angle 1, in degrees. The width W5y, being measured
at a higher level than W, is affected more by the change in the
rotation angle.
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Figure 4.2: Plot of the simulated line profiles for NGC 4088 for three different
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at a higher level than W, is affected more by the change in the
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Figure 4.4 shows the HI line profiles for NGc 4157 for three differ-
ent values of the rotation angle (¢ = 0° 90°, 180°). Once again, the
line profiles at i = 0° and 1 = 180° are mirror images of each other,

and the line profile at i = 9o° is symmetric.
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Figure 4.4: Plot of the simulated line profiles for NGc 4157 for three different
values of the rotation angle.

Based upon these results, the estimated error in line widths of
galaxies with the current model could be as high as ~ s5kms™*
for Wyo and ~ 7kms™"' for W5y due to galaxy orientation with

azimuthal dependence of rotation velocity and Hi distribution. A

more complete study of the effect is warranted.
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4.2 TURBULENT MOTION CORRECTION

To study the effects of various turbulent motion corrections as de-
scribed in section 1.7.2, the galaxy described in section 3.1.1 (constant
circular speed, uniform surface density) is discussed, and then some
of the actual galaxies from section 3.3 are considered.

The turbulent motion corrections applied follow three methods:
that from BGrv, TFq, and vsR. Using these three methods will help us
in understanding the relative abilities of different turbulent motion
correction algorithms.

According to BGrv, the broadening of the line profile at level / of
the peak is given by equations 1.19, 1.20 and 1.22. Specifically, the

correction to the observed line width according to BGPV is:

S

\/52 — (52 —1)sin?i

Wt,l = 20; k(l)r (41)

where all the symbols are defined in section 1.7.2. As mentioned in
that section, for a Gaussian broadening, k(20) = 1.80, and k(50) =
1.18. They found that k(20) = 1.89, and k(50) = o0.71 resulted in a
better TF relation, suggesting non-Gaussian broadening. Hence, I
have adopted the latter values (1.89 and 0.71) for the correction. Also,
I have taken s = 1, which means that the turbulent motions in the x-,
y-, and z-directions are equal. This is different from s = 1.5 assumed

by BGPV, but results in a more direct comparison with corrections
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from other investigators which all assume s = 1. Using the above

values, equation 4.1 becomes:

Wi = 20:k(1). (4-2)

TFq’s correction is shown in equation 1.23. The correction pro-
posed by VsR is simpler, because they did not decouple o and k().
The correction is given in equation 1.24.

As mentioned in section 1.7.3, there are two parameters that
broaden the Hi1 line profile that are relevant here. First is the turbulent
motion in the neutral hydrogen in the galaxy itself, and second is the
finite resolution R of the observing telescope. While vsr and Bottinelli
et al. (1990) account for the instrumental resolution effects in their
formulations, it is instructive to first ‘decouple’ the two parameters
by setting R = o. This ensures that the comparison between the
various methods is affected only by the turbulent motions in the
galaxy, and not because of differences in the correction for R, or the
absence of such a correction. Also, as mentioned in section 1.7.2,
the finite instrumental resolution broadens the line profile by an
amount given by equation 1.30 only if the galaxy line profile is
two delta functions. Therefore, equation 1.30 might under-correct for
instrumental broadening, and the width vsr obtain after applying this
correction might be higher than that obtained in the case when R =

okms™I.
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Once this comparison is done, the effect of finite resolution R # o
on the correction can be studied. Note that the broadening due to
tinite instrumental resolution, as suggested by vsr in equation 1.30
reduces to o for R = o, as expected.

In order to study the effects of all the corrections on the corrected
line-profile widths, the turbulent motion in a simulated galaxy is
varied from 2km s™" to 20km s™*. Therefore, the range of turbu-
lent velocities used spans the typical values of turbulent motions
in a galaxy (most galaxies have turbulent velocities in the range

of ~ 7kms™*

—15km s77'). Also, the corrected line width is con-
verted to vmax according to equation 1.20. This helps in testing the

assumption that the corrected line widths represent vmax.

4.2.1  Constant circular speed, uniform density galaxy

As described in section 3.1.1, this ‘galaxy” has a rotation curve that
is constant at 100 km s™*. The surface density of the galaxy is also
constant. For a complete description of the parameters of this galaxy,
see table 3.1.

The effect of changing the random motions in this galaxy can be
seen in Figure 3.8. By changing the turbulent velocities in this galaxy,
and with the instrumental resolution set to zero, the turbulence-
corrected line half-widths are shown in Figure 4.5. For comparison,

the uncorrected line half-widths are also shown in the figure.
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Figure 4.5: The turbulence and inclination corrected line half-widths for the
constant circular speed, uniform density galaxy as described in
section 3.1.1, at 20% of the peak (using Wa). The horizontal line
shows the value of Umax (Vmax = 100km s™1).
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Similarly, Figure 4.6 shows the corrected half-widths for the galaxy

using the above algorithms.
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Figure 4.6: The turbulence and inclination corrected line half-widths for
the constant circular speed, uniform surface density galaxy as
described in section 3.1.1, at 50% of the peak (using Wsg). The
horizontal line shows the value of Uiax (Vmax = 100km s71).

As expected, vsr’s method over-corrects for turbulent velocities
less than ~ 10km s™*. BGPV’s and TFq's methods over-correct in gen-
eral, with the amount of over-correction being very similar. For Wy,
they over-correct by ~ 10km s™* for 0y = 20km s™* and over-correct
by ~ 1km s™* for 0y = 2km s~ . Table 4.1 shows the values of Wy

and Wsg, as well as the corrected half-widths determined at 20%
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and 50% of the peak using these methods. In general, the deviations
from vmax are smaller overall for Wsy.

So far, the inclination angle of the galaxy was fixed at 9o°. Now,
I will discuss the effect of changing the inclination angle of this
galaxy on the various corrections. The inclination angle is varied
from 10° to 9o° in steps of 10°, and turbulence+inclination-corrected

half-widths are calculated for each case at three different values of

1 1

turbulent velocities: 5km s™*, tokm s™" and 15km s™*.

The corrected line half-widths, determined from W using BGPv's
method are plotted in Figure 4.7. Their method hugely over-corrects
for lower inclinations, the amount of over-correction in the worst
case (i = 10°, 0p = 15km s ') being as much as ~ 55km s~ .

Using TFq's method to correct for turbulence motions gives better
results. As mentioned in section 1.7.2, their method improves on
the method proposed by BGPv in that it uses quadrature subtrac-
tion for smaller velocity widths. As the galaxy becomes more face-
on (smaller i), the uncorrected line-width becomes smaller, and TFq’s
method does quadrature subtraction in those cases. For the simple
galaxy, this results in significant improvement in the corrected line
widths. Figure 4.8 shows the results of applying their correction on
this galaxy for Wyy.

TFqQ's method works particularly well for inclinations as low

as ~ 25°, failing only at extreme face-angles. Even then, the method

over-corrects for most inclinations, the amount of over-correction is
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Figure 4.7: The turbulence and inclination corrected line half-widths as
a function of inclination angle for the constant circular speed,
uniform density galaxy, as described in section 3.1.1, at 20% of
the peak, using BGpv’s method. The horizontal line shows the
value of Umax (Umax = 100km s7?). This method over-corrects
for random motions, particularly at low inclinations.
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Figure 4.8: The turbulence and inclination corrected line half-widths as
a function of inclination angle for the constant circular speed,
uniform surface density galaxy as described in section 3.1.1,
at 20% of the peak, using TFq’s method. The horizontal line
shows the value of Umax (Umax = 100 km s71). This method is a

significant improvement over BGrv’s method, particularly for
lower inclinations.
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as large as 7km s~ ' for random motions of 15km s~'. The results

for Ws( are similar.

Finally, Figure 4.9 shows the results of applying vsRr’s corrections.

Also, Figure 4.10 shows the results from vsr using widths at 50%.

Their method in general under-corrects for turbulence, except for

low turbulent motions (¢cp = 5km s™ '), and using Wy, where it

over-corrects a bit for most inclinations.

190

180

_
N
]

=y
(o))
@)

150

140

130

)
N
]

Corrected line half-width (km s™*)
=
=
o

90

0p= 5kms !t ——
] 0p =10kms " ---- |
‘ 0p =15kms™* ------
: ,
\
\
\
10 20 30 40 50 60 70 80 9O

Inclination (°)

Figure 4.9: The turbulence and inclination corrected line half-widths as
a function of inclination angle for the constant circular speed,
uniform density galaxy as described in section 3.1.1, at 20% of
the peak, using vsrR’s method. The horizontal line shows the
value of Umax (Umax = 100km s™1).
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Figure 4.10: The turbulence and inclination corrected line half-widths as
a function of inclination angle for the constant circular speed,
uniform surface density galaxy as described in section 3.1.1,
at 50% of the peak, using vsrR’s method. The horizontal line
shows the value of Umax (Vmax = 100km s™1).
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4.2.2 NGC4088

For a description of parameters used to model NGc 4088, see sec-
tion 3.3.2. For this section, as mentioned in that section, the inclination
angle used is 65°.

Figures 4.11 and 4.12 show the results of applying the turbulence
motion corrections as a function of turbulence motions in NGc 4088.
For comparison, and to estimate the amount of corrections applied
in each case, the uncorrected line half-widths are also plotted in the
tigures. The “uncorrected” line half-widths in these and subsequent
tigures are still corrected for inclination (dividing the uncorrected
line widths by 2 sin i) to allow for realistic comparisons of the amount
of correction applied by each method.

TFq’s and BGPV’s methods reduce to the same in this galaxy, be-
cause W) > W, in this case. For W5, these methods over-correct for
random motions if Umax is considered. The corrected line widths stay
within the range vfa—Umax. VSR's method tends to work well only
for oy =~ 15km s~ %, and it over-corrects for smaller values of oy. The
results for W5 are similar.

As in the case of the simple galaxy, the next step is to study the
effect of changing the galaxy’s inclination angle on the turbulence-
corrected line widths. For this purpose, as before, the inclination
angle was varied from 10° to 9o° in steps of 10°. The turbulent

velocities were chosen to be skm s™', 10km s and 15km s™".
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Figure 4.11: The turbulence and inclination corrected line half-widths
for NGC 4088 at 20% of the peak (using Wag). The horizontal
lines show the value of vmax (187km s™*) and v, (156 km s™1).
The corrections due to TFq and BGPv are same for this galaxy, be-
cause the uncorrected line width for in this case is high (W; >
W, in equation 1.23). The “uncorrected” line half-width is cor-
rected for inclination.
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Figure 4.12: The turbulence and inclination corrected line half-widths
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lines show the value of vmax (187km s™*) and v, (156 km s™1).
The “uncorrected’ line half-width is corrected for inclination.



151

Figure 4.13 shows the results of applying BGPV’s corrections
on NGC 4088 using Wpg. As before, the method works moderately
well for high inclinations (close to edge-on) and for low turbulent
velocities. At lower inclinations (i < 40°), however, the method shows
serious deviations from vm,x and vg,;. The case for oy = 15km s™*
results in a deviation of at least 16 km s™ 1, so even in the best-case

scenario, their method over-corrects by 16 km s™* for 0p = 15km s™*.
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Figure 4.13: The turbulence and inclination corrected line half-widths as a
function of inclination angle for the NGc 4088 as described
in section 3.3.2, at 20% of the peak, using BGPv’'s method.
The horizontal lines shows the values of vy (187km s™1)
and g, (156 km s71). This method over-corrects for random
motions, particularly at low inclinations.
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Figure 4.14 shows the result of applying turbulence motion cor-
rections as defined by TFq on NGC 4088. Their method is better at
turbulent motion corrections, resulting in a corrected half-width that
stays between vmax and vgy,: for most inclinations. As expected, for
higher inclinations, their method is very similar to BGrv’s method,
but it works much better for low inclinations. As in the case of BGPV's
method, the method over-corrects for most inclinations, the amount

of minimum over-correction for oy = 15km s™* being ~ 20km s™*.
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Figure 4.14: The turbulence and inclination corrected line half-widths as a
function of inclination angle for the NGc 4088 as described
in section 3.3.2, at 20% of the peak, using TFq's method.
The horizontal lines shows the values of vy, (187km s™1)
and v, (156 km s~ ). Note that the vertical scale in this figure
is different from the one in figure 4.13.
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Figure 4.15 shows the results of applying vsRr’s corrections. This
method also over-corrects for most inclinations, but hugely under-
corrects for lower inclinations. The amount of over-corrections is
smaller than that from BGrv and TFq cases though, being < 10km s™*

for inclinations 2 45°.
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Figure 4.15: The turbulence and inclination corrected line half-widths as a
function of inclination angle for the NGc 4088 as described
in section 3.3.2, at 20% of the peak, using vsr’s method.
The horizontal lines shows the values of vy, (187km s™1)
and vy, (156 km s77).

Finally, Figure 4.16 shows the result of applying vsRr’s correction
for Wsy. Again, their method stays closer to vmax, but still shows

deviations as large as ~ 10km s~ ' for higher inclinations.
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Figure 4.16: The turbulence and inclination corrected line half-widths as a
function of inclination angle for the NGc 4088 as described
in section 3.3.2, at 50% of the peak, using vsr’s method.
The horizontal lines shows the values of vpyax (187km s™1)
and v, (156 km s™7).
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4.2.3 NGC4157

For comparison of various methods of turbulence correction, and
their effectiveness, I discuss the galaxy NGc 4157. The galaxy parame-
ters are described in table 3.8 in section 3.3.5. As for NGC 4088, first, I
discuss the turbulence correction methods at the observed inclination
angle of the galaxy, 82°. Then, I discuss the effect changing the galaxy
inclination on these methods.

This galaxy has a rotation curve that flattens out for large r.
The values of vmax and vg,; are almost equal, so this galaxy serves
as a good candidate for comparison of turbulence correction by
various methods, particularly in order to study the effectiveness
of the method proposed by vsr. The galaxy vmax and vgy values
are ~ 183km s .

Figures 4.17 and 4.18 show the results of applying the turbulence
corrections at 20% and 50% of the peak H1 flux. As for NGC 4088, the
‘uncorrected’ line half-widths, derived by applying inclination correc-
tion on the uncorrected line widths are also shown. From Figure 4.17,
vsR’s method consistently under-corrects for random motions, even
for really small values of 0. As before, BGPv's and TFq's methods are
the same for this galaxy at its adopted value of inclination, because
the uncorrected line width for this galaxy is also very high. These
two methods are better at correcting for random motions, but they

work the best for 0y ~ 15km s™*.
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Figure 4.17: The turbulence and inclination corrected line half-widths
for NGc 4157 at 20% of the peak (using Wop). The horizon-
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Similarly, from Figure 4.18, vsrR’s method still under-corrects (W)
for all values of random motions, while BGpv’s and TFq's methods
are better. They still under-correct, however, the amount of under-

correction being ~ 3km s™".
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Figure 4.18: The turbulence and inclination corrected line half-widths
for NGc 4157 at 50% of the peak (using Wg). The horizon-
tal line shows the value of vmax and vg, (183km s™1). The
“uncorrected’ line half-width is corrected for inclination.

Figure 4.19 shows the results of applying BGPV’s corrections
on NGC 4157 using Wpg. As before, the method works well for high
inclinations (close to edge-on) and for low turbulent velocities, but
even then, the amount of offset is as large as ~ 10km s *. For lower

inclinations and/or higher turbulent velocities, their method breaks
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down. For 0y = 5kms™*, the best correction by this method is

at i = 90°, which is still =~ 10km s™* more than needed.
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Figure 4.19: The turbulence and inclination corrected line half-widths as
a function of inclination angle for the NGc 4157 as described
in section 3.3.5, at 20% of the peak, using BGrv’s method. The
horizontal line shows the value of v and vgy (183 km s™1).
This method over-corrects for random motions, particularly at
low inclinations.

Figure 4.20 shows the result of applying turbulence motion cor-
rections as defined by TFq on NGC 4157. Their method is better at
correcting higher turbulence motions, but for low turbulence, their

1

method consistently under-corrects, by as much as ~ 10km s~

for 0 = 5km s~ ' and i = 9o0°.
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Figure 4.20: The turbulence and inclination corrected line half-widths as
a function of inclination angle for the NGc 4157 as described
in section 3.3.5, at 20% of the peak, using TFq’s method. The
horizontal line shows the value of vmax and vg,: (183 km s™1).
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Figure 4.21 shows the results of applying vsRr’s corrections. Their
method consistently under-corrects for random motions, at all incli-
nations. Even for higher values of inclinations, the best-case scenario

for oy = 15km s™* under corrects by as much as ~ 17km s™*.
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Figure 4.21: The turbulence and inclination corrected line half-widths as
a function of inclination angle for the NGc 4157 as described
in section 3.3.5, at 20% of the peak, using vsr’s method. The
horizontal line shows the value of vy and vg, (183km s™1).

For Wsp, vsrR’s method does poorly at all turbulence velocities.
The best case scenario occurs at low turbulence velocities and high
inclinations (cp = skms™* and i = 90°), for which this method
under-corrects by ~ 4 km s~ *. For turbulence of 15km s™7, the lowest

amount of under-correction is ~ 13km s~ .
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Figure 4.22: The turbulence and inclination corrected line half-widths as
a function of inclination angle for the NGc 4157 as described
in section 3.3.5, at 50% of the peak, using vsr’s method. The
horizontal lines shows the values of vax and vg, (183 km s™1).
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4.2.4 UGC6930

UGC 6930 has the slowest rotation curve of all the galaxies modeled
in chapter 3, and it is also the least inclined galaxy of the sam-
ple (i = 30°). Therefore, for the last example of comparison between
various corrections, this galaxy is ideal. In particular, the turbulence
corrections as applied by TFq and BGrv should be different for this
galaxy, because TFq's method should perform a quadrature subtrac-
tion in this case as opposed to reducing to linear subtraction for the
previous two galaxies.

The galaxy rotation curve (figure 3.28) starts flattening out only at
large values of r. The rotation curve has a maximum value of Vmax =
110km s, and Umax = vgy; for this galaxy.

Figures 4.23 and 4.24 show the results of applying the turbulence
corrections at 20% and 50% of the peak Hi1 flux. The corrections due
to BGrv and Trq are different for this galaxy, as expected, with Trq’s
method working better at all values of turbulent velocities. vsr’s
method is worse than TFq’s method for most turbulent motions,
giving better results only in the region around oy ~ 6km s~ *.

Similarly, for W5, TFq’s method is the most accurate for all values
of turbulent velocities, with vsrR’s method doing marginally better
only at really low turbulent motions (cp ~ 4km s™%).

In both the cases (Wyy and Wsp), the best corrections due to

turbulent motions are way too large at all turbulent motions.
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Figure 4.23: The turbulence and inclination corrected line half-widths
for ucc6930 at 20% of the peak (using Wag). The horizon-
tal line shows the value of vmax and vgy (110km s71). The
‘“uncorrected’ line half-width is corrected for inclination.
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Figure 4.24: The turbulence and inclination corrected line half-widths
for uGc6930 at 50% of the peak (using Wpg). The horizon-
tal line shows the value of vmax and vg, (110km s™?). The
“uncorrected” line half-width is corrected for inclination.
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Figure 4.25 shows the results of applying BGPV’s corrections
on UGC 6930 using Wpg. Their method consistently over-corrects
for random motions at all inclinations, with the amount of over-
correction being particularly large at low inclinations. This means
that their method of turbulence correction biases the corrected line

widths of such galaxies to be much lower than they should be.
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Figure 4.25: The turbulence and inclination corrected line half-widths as
a function of inclination angle for the uGc 6930 as described
in section 3.3.7, at 20% of the peak, using BGrv’s method. The
horizontal line shows the value of vy and vg, (110km s™1).
This method over-corrects for random motions, particularly at
low inclinations.

Figure 4.26 shows the result of applying turbulence motion correc-

tions as defined by TFq on uGc 6930. Their method is off by as much
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as 10% for i = 9o0° and 0y = 10km s~ . As expected, their method is
much better at turbulence correction at lower inclinations compared

to BGPV’s method.
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Figure 4.26: The turbulence and inclination corrected line half-widths as
a function of inclination angle for the uGc 6930 as described
in section 3.3.7, at 20% of the peak, using TFq’s method. The
horizontal line shows the value of vy, and vg, (110km s77).

Figure 4.27 shows the results of applying vsr’s corrections us-
ing Wy as a function of inclination. Their method works best with
turbulent motions around 10km s™*, but under-corrects at lower
inclinations. In particular, the amount of under-correction is as large

as ~ 20% for inclinations around 30°.
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Figure 4.27: The turbulence and inclination corrected line half-widths as
a function of inclination angle for the ucc 6930 as described
in section 3.3.7, at 20% of the peak, using vsr’s method. The
horizontal line shows the value of v.x and vg, (110km s7%).
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Figure 4.28 shows the results of applying vsRr’s corrections us-

ing Wsg. At W5, their method consistently under-corrects for turbu-

lence, except for really small values of random motions and high
inclinations.
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Figure 4.28: The turbulence and inclination corrected line half-widths as
a function of inclination angle for the uGc 6930 as described
in section 3.3.7, at 50% of the peak, using vsr’s method. The
horizontal lines shows the values of Umax and vg, (110km s™1).

4.2.5 Effects of turbulent motion corrections alone

By looking at the results for the galaxies in the previous sections, it

is clear that the turbulent motion corrections either over- or under-
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correct for most inclinations and most turbulent velocities. BGPV’s
method always over-corrects for the random motions. This is mainly
because of their use of k(I), which is higher than the half-width of
a Gaussian (with dispersion 1) at [% of its peak. TFq's method also
over-corrects for random motions at all inclinations and all turbulent
velocities. Their method is a significant improvement over the method
proposed by BGrv, but the amount of over-correction is still way too
large, being ~ 10% in most cases.

vsR’s method, in general, does not work well for most cases,
giving good results only with specific combinations of inclinations
and turbulent motions. This is expected for two reasons. First, their
method of turbulent motion correction should be applied after their
method of instrumental resolution correction is applied. If their
method of instrumental resolution correction is inefficient in the
sense that it does not fully correct for line profile broadening due to
instrumental resolution, then their method of turbulence correction
will be inaccurate for zero turbulence case. Second, their method of
turbulence correction is based on data for real galaxies, where oy ~

1

10km s, so the method is expected to work only for turbulent

velocities at around 1o0km s™*.
Therefore, in the next few sections, I study the effect of applying
instrumental and turbulence corrections as proposed by vsr on line

profiles created by the model with finite instrumental resolution and

a range of turbulent velocities and inclination angles.
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4.3 INSTRUMENTAL RESOLUTION CORRECTION

Based upon the results from the above two galaxies, and also from
the simple galaxy, it can be seen that all the currently used methods
of turbulent motion correction have quite significant errors in most
circumstances. They sometimes work for specific cases of turbulent
motions and inclination angles, but are hard to generalize. The above
examples assumed that the instrumental resolution, R is zero. In
this section, I discuss the effect of a finite instrumental resolution on
the method of turbulence and instrumental resolution correction as
proposed by vsr on the above two galaxies. Since BGrv and TFq did
not discuss the effects of instrumental resolution on Hr line profiles,
they cannot be used in to do a comparison as was done for turbu-
lence motion correction. Bottinelli et al. (1990) defined a method of
instrumental resolution correction, but their method is very similar to
that used by vsg, so I have not used that method below. Also, in order
to conserve space, only the line widths at 20% of the peak (W) is
used. The results for Ws( are similar. The observations are simulated
with an instrumental resolution of their actual observations.

The method proposed by vsr is described in section 1.7.3. In
this method, first the instrumental correction 6W,g as defined in
equation 1.30 is subtracted from the observed line width, W5o. Then,
the turbulence motion correction of equation 1.24 is applied. Finally,

the inclination correction defined in equation 1.12 is applied, and the
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result is divided by 2 to obtain the corrected half-width that can be
compared with vmax and vgy,.

Ideally, the line widths after subtracting 6W,( from the observed
line width should be the same as the line widths in the case of zero
instrumental resolution. As seen below, this is not the case. The
reason for this discrepancy is that the calculation of §W,¢ assumes
the galaxy line profile wings to be Gaussian. This would be true only
for extremely large values of turbulent motions, and/or when the
observed line profile itself is close to a Gaussian. For most ‘regular’
galaxies, this is not the case. For such galaxies, the instrumental

correction as defined by vsRr is too low.

4.3.1 NGC4088

After modeling the galaxy at the observed instrumental resolution,
and at various values of turbulent velocities, the instrumental res-
olution corrected line profile width is calculated. These calculated
widths are then plotted against the corresponding widths with zero
instrumental resolution. The results for W,y and W5y are shown
in Figure 4.29. As expected, the difference between the instrumen-
tal resolution corrected widths and widths with zero instrumental
resolution approaches zero for high turbulence motions. Also, the

instrumental resolution correction as defined by vsr, and shown
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in equation 1.30 does not completely correct for the instrumental

resolution broadening for this galaxy.
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Figure 4.29: Instrumental resolution corrected line widths (W5 and Wsy)
vs. zero instrumental resolution line widths for NGc 4088. If the
instrumental resolution correction is perfect, then the two lines
should lie on y = x, also plotted in the figure. The line widths
are corrected for instrumental resolution effects as proposed
by VsR.

Figure 4.30 shows the instrumental resolution, turbulence, and
inclination corrected line widths (using W) for NGc 4088 for various
values of turbulent velocities and inclinations. Figure 4.31 shows the
same data, but for Ws.

In both the figures, the corrections half-widths are closer to Umax

than in Figures 4.15 and 4.16. In particular, for oy = 10km s™*, the



173

T T
0p = 5kms™!
oo =10kms ™t ----
240 0o =15km st ------ 1
\\ "‘ Omax 7
L Oflat — '~

N

N

@)
I

Corrected line half-width (km s™%)
% g

160 .

10 20 30 40 50 60 7o 80 9O
Inclination (°)

Figure 4.30: The corrected line half-widths for NGc 4088 (as defined by VsRr)
as a function of inclination for three values of turbulent mo-
tions, using Wpo. The instrumental resolution is finite in this
case, and instrumental resolution correction was applied first
before applying the other corrections.
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corrected line half-widths are much closer to vmax in the case of finite

instrumental resolution. This is most likely due to offsetting of errors.
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Figure 4.31: The corrected line half-widths (as defined by vsr) as a function
of inclination (NGc 4088) for three values of turbulent motions,
using Wsg. The instrumental resolution is finite in this case,
and instrumental resolution correction was applied first before
applying the other corrections.

4.3.2 NGC4157

Figure 4.32 shows the plot of instrumental resolution corrected line

widths as a function of the line widths with zero instrumental res-
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olution. As in Figure 4.29, the two widths are different, and the

differences decrease with increasing turbulent velocities.
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Figure 4.32: Instrumental resolution corrected line widths (W and Wsg)
vs. zero instrumental resolution line widths for NGc 4157. If the
instrumental resolution correction is perfect, then the two lines
should lie on y = x, also plotted in the figure.

Figures 4.33 and 4.34 show the corrected line widths for Wy
and Ws in this case. As was the case with zero instrumental resolu-
tion, the corrected line half-widths are higher than vgy;.

For NGc 4157, the instrumental and turbulence corrected line half-
widths using vsr’s method are very similar to the ones obtained
with just the turbulence corrected line widths in the case of zero

instrumental resolution. The instrumental and turbulence corrected
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Figure 4.33: The corrected line half-widths for NGc 4157 (as defined by VvsRr)
as a function of inclination for three values of turbulent mo-
tions, using Wpo. The instrumental resolution is finite in this
case, and instrumental resolution correction was applied first
before applying the other corrections. The solid horizontal line
shows vg,; (183 km s™7).
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half-widths are a bit higher than the turbulence corrected widths, sug-
gesting that for galaxies with faster rotation curves such as NGc 4157,
their method under-corrects more than for galaxies with medium
rotation curves (such as NGc 4088). To verify this, more testing is

needed on a larger sample of galaxies.
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Figure 4.34: The corrected line half-widths for NGc 4157 (as defined by VsRr)
as a function of inclination for three values of turbulent mo-
tions, using Wsp. The instrumental resolution is finite in this
case, and instrumental resolution correction was applied first
before applying the other corrections.
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4.3.3 UGC 6930

To compare the effect of a finite instrumental resolution on the
amount of corrections, UGC 6930 is modeled with the observed value

1 and the instrumental reso-

of instrumental resolution, 8.29 km s~
lution correction as defined by vsr is applied on the line widths
at 20% and 50% of the peak. These corrected widths are then plotted
against the corresponding widths with zero instrumental resolution.
The results for W5y and W5 are shown in Figure 4.35. As expected,
the difference between the instrumental resolution corrected widths
and widths with zero instrumental resolution approaches zero for
high turbulence motions. The instrumental resolution correction as
defined by vsr, and shown in equation 1.30 does not completely
correct for the instrumental resolution broadening for this galaxy as
well.

Figure 4.36 shows the instrumental resolution, turbulence, and
inclination corrected line widths (using W) for ucc 6930 for various
values of turbulent velocities and inclinations using vsr’s methods.
Figure 4.37 shows the same data, but for Wsy.

Comparing the figures with figures 4.27 and 4.28, the instrumen-
tal resolution and turbulence corrected line half-widths are a poorer
match to vmax and vg,; than the turbulence corrected line widths with

zero instrumental resolution. The result is surprising, because vsRr’s

method is optimized to work better when both the corrections are
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Figure 4.35: Instrumental resolution corrected line widths (W5 and Wsy)
vs. zero instrumental resolution line widths for uGc 693o0. If the
instrumental resolution correction is perfect, then the two lines
should lie on y = x, also plotted in the figure. The line widths
are corrected for instrumental resolution effects as proposed
by Vsr.
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Figure 4.36: The corrected line half-widths for ucc 6930 (as defined by vsRr)
as a function of inclination for three values of turbulent mo-
tions, using Wpo. The instrumental resolution is finite in this
case, and instrumental resolution correction was applied first
before applying the other corrections.
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applied than when only turbulence correction is applied for galaxies
with zero instrumental resolution. This indicates that the instrumen-
tal resolution correction they use might be ill-suited for small galaxies
(low rotation speeds), but more testing is needed before this claim

can be verified.
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Figure 4.37: The corrected line half-widths for ucc 6930 (as defined by VsRr)
as a function of inclination for three values of turbulent mo-
tions, using Wsp. The instrumental resolution is finite in this
case, and instrumental resolution correction was applied first
before applying the other corrections.
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4.3.4 Effects of turbulent motion and instrumental resolution corrections

Given the results above, the following conclusions can be made:

e The amount of correction due to finite instrumental resolution
of the observing telescope does not yield the line width that

would be observed in case of zero instrumental resolution.

¢ The corrected line half-widths do not match well with either vg,;
Or Umax. Lhe effect of instrumental corrections seems to worsen
the determination of vg, Or vmax from the line widths for
smaller galaxies (low rotation speed) and possibly for larger
galaxies (high rotation speed) as well, but this needs more

testing.

* Also, the fact that the TF relation has relatively low intrinsic
scatter in it implies that either the assumption that the corrected
line width represents v, Or Umax is wrong; or that finding a way
of determining vmax Or g, more accurately should decrease the
scatter in the TF relations even more. The second case assumes
that vmaxand/or vg,chave an intrinsic value in the TF relation.
They may not, and the line widths with zero turbulence and
zero instrumental resolution (intrinsic line widths) corrected

for inclination may be more valuable for use in the TF relation.

The above results also apply to the other simulated galaxies from

chapter 3.
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4.4 EFFECT OF TURBULENT MOTION CORRECTION ON LINE

WIDTHS

In this section, I discuss the errors in the turbulence motion correction
in the line profiles. The method proposed by BGrv is, in general, less
efficient in correcting for the turbulence effects than the methods
given by TFq and VSR, and therefore, only the latter two methods are

discussed in this section.

4.4.1  Using real galaxies

First, for the 7 galaxies modeled in chapter 3, I calculate the intrinsic
line widths of those galaxies by using their published rotation curves
and surface density profiles, and setting the instrumental resolution
and turbulence motions in the galaxies to be zero. After that, I cal-
culate the ‘corrected” line widths by first modeling the galaxies with
tinite turbulent velocities, and applying turbulence motion correc-
tions on the line widths thus obtained. For corrected line widths
obtained using TFq’s method, the instrumental resolution is set to
zero while modeling the galaxies. For vsrR’s method, the instrumental
resolution is set to the actual value of instrumental resolution from
observations. The reason for using finite instrumental resolution
for vsr’s method is that their instrumental and turbulence correction

methods work together. As mentioned in section 4.3, the instrumental
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resolution correction used by them is lower than needed, and there-
fore, their turbulent motion correction algorithm needs to correct
for the deficiency in the instrumental correction as well. For TFq's
case, they did not use any correction due to instrumental broaden-
ing, hence to study the effect of their corrections, the instrumental
resolution used in that case is zero.

Figures 4.38 and 4.39 show plots of the ratio of the intrinsic line
widths to the corrected line widths (using W5y and W;sq respectively)
as a function of the intrinsic line widths for the 7 galaxies. The
intrinsic and corrected line widths are corrected for inclination using
equation 1.12. If the corrections are accurate, the ratio should be 1.
If, on the other hand, the corrections are biased with respect to the
galaxy rotation speed, we should see a dependence of this ratio on
the intrinsic line width.

From the two figures, the ratio deviates from 1 by as much as 10%
in some cases. Particularly, for uGc 6930, which has the slowest rota-
tion curve in the sample, the errors are large. The amount of deviation
from 1 does not seem to have a dependence on the intrinsic line width.
The result for uGc 6930 may indicate that the errors are particularly
large for slowly rotating galaxies.

For all galaxies except uGc 6930, the corrections from vsr’s method
work better for Wg. The corrections using TFq’s method work better
for Wsg. As stated earlier, both corrections can deviate from the

intrinsic line widths by as much as 10%.
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Figure 4.38: A plot of the ratio of corrected line widths to the intrinsic line
widths using Wy as a function of the intrinsic line widths for
various galaxies. The line widths are corrected for inclination.
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Figure 4.39: A plot of the ratio of corrected line widths to the intrinsic line
widths using Wsg as a function of the intrinsic line widths for
various galaxies. The line widths are corrected for inclination.
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4.4.2 Using scaled rotation curves

In order to further see the effects of these corrections as a function of
the intrinsic line widths, a galaxy can be modeled with its rotation
curve scaled appropriately to get different intrinsic line widths. All
other parameters of the galaxy, such as inclination angle, surface
density profile, are kept the same, so this method studies the effects
of these corrections only on the intrinsic line profile widths. Also,
since the rotation curve is scaled in order to get different intrinsic
line widths, the effects due to a particular rotation curve shape are
minimized as well. While the results obtained in this manner could
depend upon the density distribution, inclination, and the rotation
curve shape, it is still instructive to see how the two methods of
turbulence and instrumental resolution correction work in such a
case. For this exercise, three galaxies are used: UGC 6930, NGC 4088,
and NGc 4157. These three galaxies cover the range of rotation speeds
for the 7 galaxies modeled in chapter 3, and also cover different
rotation curve shapes.

The galaxies were modeled by scaling their rotation curves so that
the maximum rotation velocity, vmax, was 75, 100, ..., 300km s™*
respectively. Figures 4.40, 4.41, and 4.42 show the effect of applying
the corrections for uGc 6930, NGC 4088, and NGcC 4157 respectively. The

plots show the results using Wy, but the plots for W5, are similar.
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The plots have the same y-range, to allow easy comparison between

galaxies.
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Figure 4.40: A plot of the ratio of corrected line widths to the intrinsic line
widths using W as a function of the intrinsic line widths
for ucc 6930. The intrinsic line width of ucc 6930 was changed
by scaling its rotation curve. The line widths are corrected for
inclination.

Based upon these plots, the turbulence (and instrumental resolu-
tion, in case of vsRr) corrected line widths are biased as a function of
the intrinsic line widths. The galaxies with smaller rotation speeds
have corrected widths that are consistently higher (vsr) or lower (T¥q)
than the galaxies with higher rotation speeds. This has important

implications on the TF relation because it changes the slope of the
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Figure 4.41: A plot of the ratio of corrected line widths to the intrinsic line
widths using Wy as a function of the intrinsic line widths
for NGc 4088. The intrinsic line width of NGc 4088 was changed
by scaling its rotation curve. The line widths are corrected for
inclination.
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Figure 4.42: A plot of the ratio of corrected line widths to the intrinsic line
widths using W as a function of the intrinsic line widths
for NGc 4157. The intrinsic line width of NGc 4157 was changed
by scaling its rotation curve. The line widths are corrected for
inclination.
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relation depending upon the amount and the sign of bias in the
corrections. Data from more simulations of real galaxies is needed

before a change in this slope can be determined.



CONCLUSION AND FUTURE RESEARCH

‘Would you tell me, please, which
way I ought to go from here?’

‘That depends a good deal on where
you want to get to.”

‘I don’t much care where -

‘Then it doesn’t matter which way
you go.”

Lewis Carroll, Alice’s Adventures in
Wonderland
In this chapter, I present a summary of the main results, conclu-

sions, and some directions for future research.

5.1 SUMMARY

I have created a 3-dimensional model of neutral hydrogen (H1) in
disk galaxies, with the aim of understanding the connection between
galaxy kinematics and Hr line widths. Another aim of the model
is to use it to understand the effect of different corrections, such
as corrections due to turbulent motions, finite instrumental resolu-
tion, on various galaxies. The model also serves as a useful test for

consistency in the observed data.
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The model uses data such as rotation curves, surface density
profiles, derived from radio observations of galaxies, and then syn-
thesizes their H1 line profiles. Using simple rotation curves and
surface density profiles, and also observational data for 7 galaxies,
the model generates accurate Hr line profiles of galaxies.

Using the published rotation curves, inclinations, and surface
density profiles for 7 galaxies, the model does fairly well in creating
the line profiles that match the observations. For some galaxies,
such as uGc 6930 and NGC 4088, the inclination angles need to be
changed slightly from their published values in order to achieve
a better match to the observed line profiles. This is an example of
the inherent uncertainties associated with measuring the inclination
angles and rotation curves. Based upon the results for simple Hr
distributions and rotation curves, the model reproduces their line
profiles to a high degree of accuracy. The line profiles created for real
galaxies using the model do not show such degree of accuracy. Part
of the reason for this is inaccuracies in the parameters determined
from the observations. Thus, the model can be used to understand
the data determined from such observations and serves as a check
on such data.

The use of the model to create Hi line profiles, and then applying
the most commonly used corrections in the literature shows that the
corrections for turbulent motions and finite instrumental resolutions

are not accurate (see chapter 4). In particular, the corrections applied
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by using vsr’s methods are too low, while those applied by TFq
are too high. More importantly, the corrections are biased in the
sense that the over- or under-correction is inversely related to the
rotation speed of galaxies. Thus, galaxies with slower rotation curves
have higher errors in corrected line widths than galaxies with faster
rotation curves (see figures 4.40—4.42). This changes the slope of
the TF relations.

One of the reasons for the corrections being too large or too small
is that the effect of broadening due to both random motions and
tinite instrumental resolutions is estimated assuming broadening
due to a Gaussian in velocity domain having a width defining the
random motions and/or instrumental resolutions. This is simplistic.
Another reason could be that because the line profiles are a result
of a convolution of the appropriate Gaussians with the intrinsic line
profiles having zero random motions and zero instrumental resolu-
tion. This convolution brings the peaks of the intrinsic line profile
down, and the value of peak-reduction is dependent on the turbulent
motions as well as the instrumental resolution (section 3.2.2). Thus,
for a given galaxy, determining the line widths at a certain fraction of
the peak of the Hi1 line profile has a far less physical meaning than
determining it at a certain fixed flux level. Varying the instrumental
resolution and/or turbulent motions in a galaxy will cause the line

widths to be determined at different flux levels.
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Looking at figure 3.8, it seems that there are points on the line
profile of the simple galaxy where the line profile width seems to
be fairly independent of the turbulent velocity. This is the subject
of discussion in appendix C. As mentioned in the appendix, there
exist points on the Hi1 line profiles of galaxies where such a width
can be determined. However, determination of such a width without
the simulation is not easy, and needs more investigation before it can

be done successfully (if at all).

5.2 FUTURE WORK

An ambitious, but useful project would be to create a ‘library” of sim-
ulated Hr line profiles and then compare the effects of the methods of
line-width corrections on them. In particular, figures like 4.40 could
then be created with real galaxies instead of using scaled rotation
curves. That should give us more insight into the exact biases intro-
duced by the various line-width correction algorithms. Also, with
such a library at hand, useful correlations between rotation curve
shapes, surface density distributions, inclinations, and other galaxy
properties on the line profile shapes, the errors in the corrected line
widths using conventional algorithms, etc., can be determined. Once
the turbulence independent line widths (W) for all the galaxies in
the library are found, it would be possible to do an analysis of their

dependence on many of the observed galaxy properties. In partic-
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ular, one should be able to study the correlation between W; and
the turbulent motions, maximum slopes of the rising and the falling
edges of the line profiles, the integrated H1 flux, the peak HI flux, the
fraction of the peak at which W is defined, etc. With enough galaxies,
a principal component analysis or a similar approach should prove
very useful in exploring these correlations, and isolating the most
significant independent parameters defining Wj.

Another extension to the current model, which is partly underway,
would be creating H1 ‘channel maps’, which are values of Hr1 flux
as a function of three variables: the two-dimensional position on the
sky and the velocity (or frequency). The model can then create such
a ‘data cube’, and the cube can then be directly compared to the
data cube obtained from aperture synthesis observations. Similarly,
another addition to the model (also partly underway) will be to create
position-velocity (p-v) diagrams of the galaxies. Position-velocity
diagrams are plots of HI intensity as a function of position (along the
major or minor axis) and observed (optical) velocity. Comparison of
the simulated p-v diagrams with the observed p-v diagrams should
tell us more about the distribution of H1 in the galaxy.

An important additional feature addition to the model is the
ability to add many of the properties of H1 in real galaxies, such as
flaring, warping, and high-velocity clouds.

The current emphasis of the modeling process is in two directions.

First, the database of simulated galaxies needs expansion, possibly to
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various different types of galaxies in different environments. Second,
the ability to create channel maps and p-v diagrams in order to
turther test the model and the consistency of observations. Both of

these projects are currently in progress.



ALGORITHMS

Let us try the concept of an
algorithm with that of a cookbook
recipe. A recipe presumably has the
qualities of finiteness (although it is
said that a watched pot never boils),
input (eggs, flour, etc.), and

output (TV dinner, etc.), ...

Donald E. Knuth, The Art of
Computer Programming

A.1 CREATING HI LINE PROFILES

Section 2.3 describes the galaxy software model. In this section, I
will explain the algorithms used in creating line profiles using the
software model.

After the line-of-sight velocity of each cell is determined using
equation 2.5, the line profile for the whole galaxy is determined by
tirst assuming that the turbulent velocity ¢y and the instrumental
resolution, R are both zero. In this case, the line profile from each
cell is a delta function at the line-of-sight velocity of the cell, with

the area under the delta function equal to the density of the cell. The
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term ‘delta function” with an area a here means a Kronecker delta
function with peak a.

The model creates the Hr line profile for a galaxy which is a
set of (v]-, f]) values, where v; denotes a velocity and f] is the flux
density at that velocity (j = 1,2,...1yp). The velocity values are
separated by v;1 — v; (v_res in appendix B). The velocity separation
is uniform (v; 1 — v; = 6v, Vj). In general, the line-of-sight velocity v;
of the ith cell will not coincide with any particular v, but will lie
between v; and vj; 1 for some j. In order for better accuracy, the H1
flux from cell i is divided proportionately to velocities v; and v, 1.

After calculating the line profile for 0y = 0 and R = 0, the actual
line profile is calculated by convolving it with a Gaussian represent-
ing the broadening of the line profile due to the two effects (see

equation 1.26).

A.2 DETERMINING LINE WIDTHS

In order to accurately determine the line widths, the peak of the
calculated Hr line profile is found. Then, the flux values surrounding
the peak flux (one on each side) are found. A parabola is fitted to
the three flux values, and the peak of the parabola is used as the
peak Hr flux. The peak determined in this way is slightly higher than

the maximum value of the calculated line profile.
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After that, the velocities on the rising edge are found where the
flux becomes just greater than the required fraction of the peak.
Linear interpolation is used to determine the velocity v; where the
flux would be equal to the required fraction of the peak. The same
procedure is then repeated for the falling edge of the line profile to
give vy, the velocity at which the flux on the falling edge is at the

required level. The line width is then determined as W; = v;, — v;.

A.3 FINDING TURBULENCE-INDEPENDENT LINE WIDTHS

The galaxy inclination angle is changed from 10° to 9o° (from close
to face-on to edge-on), and at each inclination, the galaxy is modeled
at turbulent velocities ranging from 2km s™* to 20km s™*.

For any given inclination, the line profiles for all the values of
random motions are then used to determine the turbulence inde-
pendent line width, Wt at that inclination. In order to do that, the
peak flux of the line profile with the highest value of turbulent veloc-
ity fp20 is used. The line widths at flux levels o, 0.1f} 20, - - -, fp20 are
determined, and the level at which the scatter in the widths is the
least is determined. This step is then repeated for flux levels close to
the level just determined, and again the line width with minimum
scatter is determined. This procedure is repeated until the amount of

relative change in the scatter in the line widths is < 1 x 1078.



BASIC USE OF THE MODEL

‘It is certainly an idea you have
there,” said Poirot, with some
interest.

“Yes, yes, I play the part of the
computer. One feeds in the
information -’

‘And supposing you come up with
all the wrong answers?’ said Mrs.
Oliver.

‘That would be impossible,” said
Hercule Poirot.

‘Computers do not do that sort of a
thing.’

‘They’re not supposed to,” said Mrs.
Oliver, ‘but you’d be surprised at
the things that happen sometimes.’

Agatha Christie, Hallowe’en Party

Here, I describe the use of the model to create line profiles, and

comparing them with the observed line profiles.

B.1 FILES

The model is implemented in Python. It also uses scipy (Jones et al.,
2001-), numpy, and matplotlib modules in order to create and plot
the line profiles.
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The files in the model are:

galaxy.py This file implements the module galaxy. The module de-
fines the Galaxy class object. The class has methods to create a
galaxy, create its line profile, and helper functions to plot the

line profile in various formats, etc.

constants.py This file makes the definitions of some of the commonly

used constants available to all the other files.

util.py Utility functions are defined in this file. They are used by
galaxy.py, but the functions defined in this file are generic

enough that they could be used in other places as well.

data.py Defines a class and associated methods to ease reading of

data from files.

parse.py Contains definitions of functions to parse and return values
read from configuration files. The functions defined in this file
take care of error handling, making the code in galaxy.py much

more compact.

A galaxy to be modeled needs its files in a subdirectory of the
main galaxy module. The subdirectory name identifies the galaxy:.
For example, for modeling the galaxy NGc4157, a subdirectory
named n4157 is needed, which contains the files that define the galaxy
and its properties. In the following description, I assume that the

galaxy being modeled is NGC 4157, but the description applies to any
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galaxy being modeled, with appropriate changes in filenames and
directory names.

In the directory n4157, the file n4157.cfg contains the galaxy pa-
rameters, as well as parameters defining an observation of the galaxy.

An example configuration file is shown in Figure B.1.

# Configuration file for NGC 4157

distance = 11.5 # Mpc

i=282.0 # Inclination, degrees

a = 22290.8 # Semi-major axis, pc

nx = 1001 # Number of cells in x

nz =1 # Number of cells in z

rot = 0.0 # Rotation angle in degrees

s =1.0 # vdx/vdz, according to BGPV

vd = 10.0 # vdx (or vdy), km/s

vhel = 774.1 # Heliocentric velocity, km/s
sd_bhw = 8.7 # Beam half-width, in arcmin
v_res = 19.88 # Instrumental resolution, km/s
sd_1lp = 'n4157.1p.gbt.dat’ # File for single-dish 1line profile
sy_lp = 'n4157.1p.ver.dat’ # File for synthesis line profile
lp_rms = 1.34e-3 # RMS noise per channel in Jy

Figure B.1: A sample galaxy configuration file.

B.2 A SAMPLE RUN

In order to model a galaxy, first, the galaxy module needs to be

loaded (in the examples in the chapter, >>> denotes the Python
prompt):
>>> import galaxy

After loading the module, the galaxy needs to be created:
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>>> g = galaxy.BasicGalaxy('n4157")

WARNING: a[22290.8] > rmax[18956.2] in n4157/vc.dat, extrapolating

This creates a galaxy object g, which is used to model NGC 4157.
The warning message tells the user that the rotation curve specified
in vc.dat file does not go out to the maximum radius of the galaxy, so
the model extrapolated the rotation curve to make things consistent.
For an explanation, see section 3.3.

Once the galaxy is created, one can query some of its parameters:

>>> g.1i

82.0

>>> g.Mmass
3332293966.0580502
>>> g.int_flux
106.94791935509707
>>> g.name

"'n4157’

The inclination angle (in degrees) is g.i, which is 82° as speci-
fied in the configuration file. Also, based upon the surface density
profile, the galaxy H1 mass is available as g.mass (in this case, it
is 3.3 X 109 Mp). Also, since the H1 mass is known, the integrated H1
flux can be calculated from equation 2.2. The Hr flux for NGc 4157
should be 106.9]y km s™*. The galaxy name is available as g.name.

After creating the galaxy, the line profile for the galaxy can be

created:
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>>> g.line_profile()

This creates the galaxy line profile, that can be accessed directly
as g.1p. Based upon the noise per channel specified in the configura-
tion file, the noisy line profile is available in g.1p_noisy.

After the line profile is created, the galaxy line widths are known:

>>> ¢.w20
413.14142576376651
>>> ¢.w50
388.97705334057366
>>> g.get_w_level (40)

396.26399694777871

The above commands list Wpo, W5 and Wy for the galaxy.
To plot the line profile, or to write the line profile data (optical
velocity and flux density) to a file, g.plot_1p() and g.write_1p() can

be used:

>>> g.plot_lp(show=True, color=True, plot_sd=False, plot_sy=True)

>>> g.write_1p()

The first command above plots the line profile as a function of he-
liocentric optical velocity and shows the plot on the screen. The
synthesis line profile is plotted as well, to allow comparison of the
observed line profile with the calculated one (the synthesis and/or
single dish profiles are assumed to be in files specified in the configu-

ration file). The second command saves the line profile data in a file,
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for analysis later. g.plot_1p() can also save the line profile directly to

a file instead of showing it on screen:
>>> g.plot_lp(show=False)

The default format for the saved files is encapsulated postscript, but
it can be changed by specifying the fname parameter to plot_1p().
The plot format is determined from the extension of the filename
specified in the fname parameter.

While creating a galaxy, any galaxy parameter can be changed

from the value specified in the configuration file:
>>> g = galaxy.BasicGalaxy('n4157', 1i=60)

The above statement creates a galaxy with inclination 60° instead of
the default inclination specified in the configuration file.

A full list of parameters that can be specified in the configuration
file or while creating a galaxy is shown in table B.1. The parameters
specified on the commandline have precedence over the parameters
specified in the configuration file, which in turn, have precedence

over the default values, if any.
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Parameter Symbol Module parameter Default value
Distance d distance 10 Mpc
Inclination i i 90°
Semi-major axis a,b a, b 1.5 X 104 pc
Number of cells in x- nx, ny 61
and y

Number of cells in z nz 1
Rotation angle P rot 0°
Turbulent velocity Ox vdx 1okm s~
Ox/ 0 5 s 1
Heliocentric velocity Uhel vhel okms™*!
Single dish beam sd_bhw 10’
half-width

Velocity resolution vdiff 1kms™!
for line profiles

Instrumental R v_res 5kms™!
resolution

RMS noise per lp_rms 1mJy
channel

Table B.1: Galaxy parameters that can be specified on the commandline or

in the configuration file.



CALCULATION OF TURBULENCE INDEPENDENT
LINE WIDTHS

All right — I'm glad we found it out
detective fashion; I wouldn’t give
shucks for any other way.

Tom Sawyer (1884)

From Figure 3.8 in section 3.2.2, it can be seen that there are points
on the line profile for a constant circular speed, uniform surface
density galaxy where the line width seems to be fairly independent
of the turbulent velocity. If such line widths exist for all real galaxies,
then they could serve as a basis for use in the TF relation. In this ap-
pendix, the line profiles for the galaxies in chapter 3 are calculated at
various values of turbulence velocities and inclinations, and a quan-
titative approach is used to determine the turbulence independent
line widths (W), if they exist at all.

At any given inclination, a galaxy’s line profiles are calculated for
turbulent velocities ranging from 2km s™* to 20km s™*. For these
line profiles, a flux level is iteratively determined at which the line
profile width is fairly independent of the turbulent velocity. This

is done by minimizing the standard deviations in the line profile
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widths as a function of the flux level. Note that since the widths are
measured at a certain flux level for all values of random motions, and
also that turbulent motions affect the peak flux in a line profile (see
section 3.2.2), the flux level does not correspond to a constant fraction
of the line profile peak.

Figure C.1 shows a plot of the standard deviation (in a root-mean-
square sense) of the line widths (W) as a function of inclination

angle for the galaxies modeled in section 3.3.
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Figure C.1: A plot of the scatter in W; (turbulent independent line width)
as a function of inclination angle for various galaxies.
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Figure C.2 shows the inclination corrected line half-widths us-
ing W; and without applying any additional (turbulence or instru-

mental resolution) corrections on them.
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Figure C.2: A plot of the inclination corrected line half-widths (using W)
as a function of inclination angle for various galaxies.

The scatter in all the galaxies is quite small, with the maxi-
mum scatter being 1.4km s™*. Given that the results apply in the
range of inclinations from 10° to 9o°, and random motions in the

range 2km s™*

—20km s7%, the small magnitude of this scatter looks
promising if a method of determining the flux level for which the

value of W; can be determined.
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Also, in Figure C.2, the corrected half-widths are fairly constant
upto inclination angles of ~ 30°, and therefore, W; seems to be a
good candidate for use as (corrected) line widths in the TF relation.

For the galaxies above, W; was determined by changing the tur-
bulent motions, and then minimizing the scatter. To be applicable for
real galaxies, this width should be easily determined from the single

dish line profile of galaxies, and other observable galaxy parameters.



DATA SOURCES AND TELESCOPES

It is a very sad thing nowadays that
there is so little useless information.

Oscar Wilde

This research has made use of various data sources, this appendix

lists all of them.

* This research has made use of the siMBAD database, operated

at cps, Strasbourg, France.

* This research has made use of the NasA/1rAc Extragalactic
Database (NED), which is operated by the Jet Propulsion Labo-
ratory, California Institute of Technology, under contract with

the National Aeronautics and Space Administration.

* We acknowledge the usage of the HyperLeda database (Paturel

et al., 2003)

* A part of the research involved observations of galaxies with
the Green Bank Telescope (GBT), operated by the National Ra-
dio Astronomy Observatory (NRAO). The NRAO is a facility of
the National Science Foundation operated under cooperative
agreement by Associated Universities, Inc.
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