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Preface

The topic of this thesis is the study of the vertical structure of the disk galaxies and their dark
matter halos through theoretical modeling and numerical calculations. The basic theoretical
model of the galactic disk used involves gravitationally-coupled stars and gas under the
force-field of a dark matter halo; the disk is rotationally-supported in the plane and pressure-
supported perpendicular to the plane of the galaxy. The first part of the thesis involves
evaluating the vertical structure of stars and gas in normal as well as dwarf spiral galaxies.
The second part of the thesis deals with probing the dark matter halo density profiles of disk
galaxies using both the observed rotation curve and the H1 scale height data. Following is
the layout of the thesis.

Chapter 1 gives a general introduction to the topic of vertical structure of spiral galaxies
and their dark matter halos, followed by a broad overview of the theoretical development
of the topic and ends with highlighting the motivation and challenges met in this thesis.
Chapters 2 & 3 deal with the vertical structure of stars and gas in galaxies, Chapters 4-6
focus on obtaining the dark matter halo density profiles of disk galaxies from the observed
rotation curve and the HT scale height data whereas Chapter 7 is devoted to the summary

of results and future research plans.

Vertical structure of stars and gas in galaxies

The vertical thickness of the stars and the gas, namely atomic hydrogen (H1) and molecular

hydrogen (Hs) in a spiral galaxy, is crucial in regulating the disk dynamics close to the

X
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mid-plane, especially in the inner galaxy. However, measuring it observationally is not in
general practicable due to the limitations of astronomical observations, and often impossible
as in the case of face-on galaxies. Therefore, it is imperative to develop a theoretical model
of the galaxy which can predict the thickness of the disk components by using as input
parameters the physical quantities, which are more observationally-amenable compared to
the disk thickness. The vertical thickness of the disk components is determined by a trade-off
between the upward kinetic pressure and the net downward gravitational pull of the galaxy.
The fraction of the disk mass due to the stars is an order of magnitude higher than that of
the gas in ordinary spiral galaxies, and therefore the gas contribution to the disk gravity is
ignored in general. We have developed a multi-component model of gravitationally-coupled
stars, H1 and H, subjected to the force-field of an external dark matter halo, and conclusively
demonstrated the importance of the inclusion of gas gravity in explaining the steep vertical
stellar distribution observed in galaxies. These apart, this model does not implicitly assume a
flat rotation curve for the galaxy and therefore is applicable in general to obtain the thickness

of stars and gas in dwarfs (with linearly rising rotation curves) as well as in ordinary spirals.

In Chapter 2, we investigate the origin of the steep vertical stellar distribution in the
Galactic disk. One of the direct fall outs of our above model of the galaxy, which incor-
porates the self-gravity of the gas unlike the earlier theoretical models, lies in explaining
the long-standing puzzle of the steep vertical stellar density distribution of the disk galax-
ies near the mid-plane. Over the past two decades, observations revealed that the vertical
density distribution of stars in galaxies near the mid-plane is substantially steeper than the
sech? function that is expected for a self-gravitating system of stars under isothermal ap-
proximation. However, the physical origin for this has not been explained so far. We have
clearly demonstrated that the inclusion of the self-gravity of the gas in the dynamical model
of the Galaxy solves the problem even under the purview of isothermal approximation for
the disk components. Being a low dispersion component, the gas resides closer to the mid-
plane compared to the stars, and forms a thin, compact layer near the mid-plane, thereby
strongly governing the local disk dynamics. This novel idea, highlighting the significance of

gas gravity has produced substantial impact on the field and triggered research activities by
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other groups in related areas of disk dynamics. The strong effect of the gas gravity on the
vertical density profile of the stellar disk indicates that it should also bear its imprint on
the Milky way thick disk, as the epoch of its formation 10° years ago is marked by a value
of gas fraction, almost an order of magnitude higher than its present day value. Interest-
ingly, the findings of the upcoming Gaia mission can be harnessed to verify this theoretical
prediction. It may also hold the clue as to the reason behind the absence of thick disk in
superthin galaxies.

In Chapter 3, we use the same model to theoretically determine the H1 vertical scale
heights in the dwarf galaxies: DDO 154, Ho II, IC 2574 & NGC 2366 for which most of
the necessary input parameters are available from observations. We stress the fact that
the observational determination of the gas thickness in these dwarf irregulars is not viable.
Nevertheless, it is important to estimate it theoretically as it plays a crucial role in calculating
the star-formation activities and other related phenomena. However, two vital aspects have
to be taken care of while modeling these dwarf galaxies. Firstly, the mass fraction in gas
in these galaxies is comparable to that of the stars, and hence the gas gravity cannot be
ignored on any account unlike in the case of large spirals. Secondly, dwarf galaxies have a
rising rotation curve over most of the disk unlike the flat rotation curves of ordinary spirals.
Both these factors have been considered in developing our model of the dwarf galaxies. We
find that three out of the four galaxies studied show a flaring of their H 1 disks with increasing
radius, by a factor of a few within several disk scale lengths. The fourth galaxy (Ho IT) has
a thick H1 disk throughout. A comparison of the size distribution of H1 holes in the four
sample galaxies reveals that of the 20 type 3 holes, all have radii that are in agreement with

them being still fully contained within the gas layer.

Probing the dark matter halo profiles of disk galaxies

The next part of the thesis involves the dynamical study of the shapes and density profiles
of galactic dark matter halos using observational constraints on our theoretical model of a
spiral galaxy. The density distribution of the dark matter halo is generally modeled using

the observed rotation curve of the spiral galaxies. The rotational velocity at any radius
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is determined by the radial component of the net gravitational force of the galaxy, which,
however, is weakly dependent on the shape of the dark matter halo. Therefore, one cannot
trace the dark matter halo shape by the observed rotation curve alone. The vertical thickness
of the stars and gas, on the other hand, is strongly dependent on the flattening of the dark
matter halo, and therefore the observed gas thickness can be used as a diagnostic to probe
the halo shape. In this thesis, we have used the double constraints of the rotation curve and
the H1 thickness data to obtain the best-fit values of the core density, core radius and the
vertical-to-planar axis ratio (or flattening) of the dark matter halos of our largest nearby
galaxy Andromeda (or M31), a low-surface brightness (LSB) superthin galaxy UGC 7321
and to study the dark matter halo shape of our Galaxy.

In Chapter 4, we study the dark matter halo of M31 or Andromeda, the largest nearby
galaxy to the Milky Way. We find that M31 has a highly flattened isothermal dark matter
halo with the vertical-to-horizontal axis ratio equal to 0.4, which interestingly lies at the
most oblate end of the halo shapes found in cosmological simulations. This indicates that
either M31 is a unusual galaxy, or the simulations need to include additional physics, such
as the effect of the baryons, that can affect the shape of the halo. This is quite a remarkable
result as it challenges the popular practice of assuming a spherical dark matter halo in the

dynamical modeling of the galaxy

In Chapter 5, we have applied this technique to the superthin galaxy UGC 7321. Su-
perthins are somewhat the “extreme” objects in the local Universe because of their high gas
fraction and absence of a thick disk component. It is interesting to analyze their so-called
extreme characteristics in the light of the physical mechanisms which determined them to
understand better the properties of ordinary spirals. We find that UGC 7321 has a spher-
ical isothermal halo, with a core radius almost equal to the disk scale length. This reveals
that the dark matter dominates the dynamics of this galaxy at all radii, including the inner
parts of the galaxy. This is unlike the case for the large spiral galaxies, where the core
radius is typically about 3-4 disk scale lengths. Interestingly, the best-fit halo core density
and the core radius are consistent, with deviations of a few percent, with the dark matter

fundamental plane correlations, which depict the systematic properties of the dark matter



xiii

halo in late-type and dwarf spheroidal galaxies. This apart, a high value of the gas velocity
dispersion is required to get a better fit to the H1 scale height data, although the superthin
nature of the stellar disk implies a dynamically cold dynamic galactic disk. However, it
explains the low star-formation rates in these galaxies since the Toomre Q criterion (Q < 1)
for instability is less likely to be satisfied, and hence the disk is liable to be more stable to
star formation.

In Chapter 6, we investigate the shape of the dark matter halo in the outer Galaxy. We
find that the halo is prolate, with the vertical-to-planar axis ratio monotonically increasing
to 2.0 at 24 kpc, or 8 radial disk scale lengths. The resulting prolate-shaped halo can explain
several long-standing puzzles in galactic dynamics, for example, it permits long-lived warps
thus explaining their ubiquitous nature. It also imposes novel constraints on the galaxy
formation models.

Finally, in Chapter 7, the thesis is concluded with a summary of the main results and

a brief discussion of the scope for future work.
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Introduction

1.1 Spiral Galaxies

The topic of this thesis is vertical structure of disk galaxies and their dark matter halos. As
the very name suggests, these galaxies exhibit a disk-like morphology and are accommodated
on the right hand side of the Hubble’s Tuning Fork diagram. Popularly, these are also referred
to as spiral galaxies as most of them exhibit distinctive spiral features in their outer regions.
Also, spirals or disk galaxies have substantial gas content, which is yet to be exhausted to

fuel up further star-formation activities.

A spiral galaxy consists of a luminous disk of stars and gas (mainly atomic and molecular

hydrogen) with a diameter between 10 kpc to 30 kpc, embedded in a huge envelope of dark

1



2 Introduction

matter halo, the existence of which is indicated by the dynamical requirements of the ob-
served kinematics. The observed rotation curve, i.e, a plot depicting the observed azimuthal
velocity as a function of Galactocentric radius, remains flat out to several optical radii in
the outer galaxy. This feature hinted at the presence of an unseen source of gravitating
matter (dark matter) as the rotation curve due to the luminous disk alone should have been
Keplerian in nature. In general, the mass fraction due to the stars is an order of magnitude
higher than that due to the gas. However, the total dynamical mass of the galaxy is pri-
marily attributed to its dark matter halo, which is typically required to be ten times more
massive than the stellar and the gaseous disks taken together. Magnetic fields pervade the
system and cosmic ray particles spiral along the field lines. But the largest forces governing

both shape and velocity field of the system are gravitational.

Spiral galaxies are effectively rotationally-supported in the plane with the rotational ve-
locity varying with distance from the centre of the disk. In the vertical direction, the galaxy
is pressure-supported. This highly-flattened mass distribution in the form of a disk culmi-
nates in a strong vertical constraining force, resulting in a well-defined vertical structure.
The vertical structure of the disk galaxy constitutes an exciting field of galactic dynamics
by itself apart from providing valuable insights into the process of formation and evolution
of the galaxy. With the breakthrough in modern astronomical observations in the past few
decades (surveys like SDSS, for instance) and in the upcoming era (GAIA, for example), the
galactic disks can now be viewed in unprecedented detail revealing a plethora of interesting
features and characteristics, and thereby posing novel challenges to the next generation of
astrophysicists. A careful theoretical modeling of the galaxy at par with N-body simulation

studies is necessary for understanding the physics behind these observed structural features.

Superimposed on this background distribution of the disk and the dark matter halo is
the spiral structure. These spiral arms are visible mainly due to the young, luminous objects
concentrated there. Although they do not contain large fraction of total mass density, they

exhibit a high rate of massive star formation, at least in the outer parts of the galaxy.

So this is the scenario that a successful theory of galactic dynamics has to enlarge on,

and we require that this theory should be mainly gravitational in character.
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1.2 Disk Vertical Structure

1.2.1 Theoretical Development

In this section, the formulation of the basic equations of stellar dynamics and subsequently
those governing the vertical structure of the galactic disk, which is one of the topics of in-

terest of this thesis, is discussed (Rohlfs 1977, Binney & Tremaine 1987).

Equilibrium of Collisionless Systems: The inverse square nature of the gravitational
force ensures that the net gravitational force acting on a star in a galaxy is determined by
the large-scale density distribution of the galaxy rather than the proximity of the test star to
its neighbouring stars. The net force on a star does not vary rapidly and the star in question
accelerates smoothly through the force field generated by the galaxy as a whole. It can be
shown that it is possible to understand the dynamics of the galaxies by investigating the
orbits of the stars in a suitable mean potential, and that the underlying dynamics is that of

a collisionless system.

The Collisionless Boltzmann Equation: Let us consider a large number of stars moving
under a smooth external potential ®(x,¢). At a given time ¢, the complete description of
the state of a collisionless system is given by its phase-space density or distribution function
(DF) f(x,v,t). The number of stars present in a small volume d*xd>v around the phase
space vector (x,v) is given by f(x,v,t)d*xd>v.

According to Newton’s Laws, if the positions and velocities of all the stars at a given
initial time is known, one can calculate the positions and velocities at any later time t. In
other words, if f(x,v,?y) is known, Newton’s Laws say, one can calculate f(x,v,t) using the
information in f(x,v,ty). With the above idea in mind, let us consider the flow of points in
phase space that arises as the stars move along their orbits.

The co-ordinates in phase space are (x,v) = w = (wy, .....,wg). So the velocity of the
flow may be written as w = (x,v) = (v,—V®). Here w is a six-dimensional vector that

bears the same relationship with w as the three dimensional fluid flow velocity x has to the
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position vector x in an ordinary fluid flow. A characteristic of the flow described by w is
that it conserves stars i.e stars donot jump from one point in phase to another in the absence
of encounters. Therefore f(w,t) obeys a continuity equation analogous to the density p(x, t)

in ordinary fluid flow.

OF | 5~ 0Uwe) _ (1.1)

The physical meaning of this equation can be envisaged by integrating over volume space.
The first term then gives the rate of increase in the number of stars within this volume.
Application of the divergence theorem to the second term shows that it is the rate at which

the stars flow out of this volume. Now the flow described by w has the property

6 . 3 . 3
awa 81)@- 8% 0 0P
:E : = E - = 1.2
o1 awa i—1 (axz + 87}2) P 81}1' (8%1) 0 ( )
vy

. = (0 as v; and z; are the independent co-ordinates of the phase space. Substi-

Here v

tuting equation (1.2) in equation (1.1) we obtain

6
%—F;wa% =0 (1.3)
e \
g_{+;<vigi_§i§£) =0 (1.4)
In vector notation,
g—{+v.Vf—v¢.g—i =0 (1.5)

Equation (1.5) is known as the collisionless Boltzmann Equation, a special case of
Liouville’s theorem, which is the fundamental equation of stellar dynamics.

Now

i of Cof
% = E‘f—;wa =0 (1'6>

df

= represents the rate of change of density of phase points to an observer who moves through

phase space with a star with velocity w. Therefore the collisionless Boltzmann equation is

simply
a _

=0 (1.7)
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This shows that the flow of stellar phase points through phase space is incompressible. In

other words, phase space density f around the phase-point of a given star remains constant.

Jeans Equations: The collisionless Boltzmann Equation in galactic cylindrical co-ordinates

R, ¢,z read

of  Of w,df 0f [(u? 0%\ of 1 90\ Of b Of
at+“RaR+Ra¢+”Zaz+( ovn R \"E" T 55

R OR

Ovg 0z Ov, N

0 (1.8)

The distribution function f is a function of seven variables and therefore the complete
solution of the collisionless Boltzmann equation is a cumbersome task in general. However
one can gain valuable insights by taking moments of this equation. Integrating the above
equation over velocity we get

v 10(Rvog)  O(vos)

o R orR | o:

=0 (1.9)

where v = [ f d®v is the spatial density of stars and v; = [ fv; d®v is the mean of the i
component of the stellar velocity.
Then we multiply equation (1.8) with vg or v,, and then integrate over velocity space to

obtain respectively

O(viR) | Ovvg?) | O(vuRDy) vg? — v | 0P
—_—t+ — | = 1.1
o " or o Y\ wmr Tor)7" (1.10)
O(vvg) | O(WoRvy) | O(Wvgu:) | 2v B
ot + OR + 02 + RU¢UR—0 (1.11)
and
owv:) | OWwugws)  Owv.?)  (vorv:) 0P _ (1.12)

V— =
ot OR 0z R 0z
Since the last three equations were first applied to stellar dynamics by Sir James Jeans,

this set of equations is popularly known as the Jeans equations.

Vertical density distribution of the stars & gas at a given radius: Equation (1.12)

can be simplified further. For instance, under the steady state condition, the first term on
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the left hand side of the equation vanishes. Also, it can be shown (Binney & Tremaine 1987)

that vpv, = %(v_ﬁ—v_f)% and therefore the second and the fourth terms are not larger than

(vR® —v.*) 5, which is a factor of RZ;d times smaller than the third and the fifth terms and

hence can be neglected. With these assumptions, equation (1.12) can be written as

10(vv.2) 0
T, - a. (1.13)

Further assuming that the stellar mass is conserved (which is a good enough assumption for

low mass stars which dominate the stellar mass function), equation (1.13) can be written as

19(pv.2) 0@
p 0z 0z

(1.14)

where p(z) denotes the mass density of the stars as a function of z.

Equation (1.14) is the governing equation to study the vertical structure of the stellar
disks in spiral galaxies. Since the underlying governing dynamics in this case is Newtonian
gravitation, solution of the above equation jointly with the Poisson Equation will deter-
mine the vertical density distribution and hence the thickness of the stellar layer at any
Galactocentric radius R.

One may note here that the gas component of the disk also obeys an equation similar to
equation (1.14). However, in case of the gas, the equation follows from the Euler Equation
of Fluid Dynamics (instead of the collisionless Boltzmann Equation) in conjunction with the
isothermal equation of state for the gas namely P = pv.?, where P is the pressure, p the

density and v, the vertical velocity dispersion for the gas (Dyson & Williams 1997).

1.2.2 The Stellar Disk

The Stellar Surface Density Profiles: Observations of external spiral galaxies suggest
that the surface brightness and hence the surface density of the galactic disk falls exponen-

tially with radius and is given by

Y(R) = Ygexp(—R/Rq) (1.15)
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where Yy is the central surface density and R, is the disk scale length (Freeman 1970).
For our Milky way, ¥y = 641 Mopc—2 and Ry = 3.2kpc (Binney & Tremaine 1987).

Thin disk & Thick Disk: The stellar disk can be subdivided into two parts, namely the
thin disk and the thick disk. The major mass fraction of the stars is concentrated in a thin
disk centered on the mid-plane of the galaxy (for our Galaxy the thin disk scale height is
around 300pc at the solar neighborhood). The existence of a low density thick disk (1 kpc)
was pointed by stellar luminosity distribution studies of external and early-type galaxies
(Burstein 1979, Tsikoudi 1979) and star counts in the Milky Way (Gilmore & Reid 1983).
This thick disk constitutes an older population of stars, is substantially thicker than the
thin disk, and has a radial scale length that appears to be uncorrelated with that of the
embedded thin disk (Dalcanton & Bernstein 2002). Formation of the thick disk is a nearly
universal feature of disk formation. Both internal and external processes have been invoked
to explain the formation of this component. A monolithic collapse, vertical heating of an
earlier thin disk, accretion from infalling satellites or a merger are the various possibilities

suggested for the origin of a thick disk (For details, see Qu et al. 2011).

The Isothermal Approximation: The velocity dispersion of the stellar disk generally falls
off with radius, sometimes exponentially with a scale length equal to twice the disk scale
length of the stars (Lewis & Freeman 1989). However, the dependence of the stellar velocity
dispersion on the distance from the mid-plane (z) is not very clear (Korchagin et al. 2003).
In this thesis, we have assumed that the velocity dispersion of the stars remains constant
with z, which is usually referred to as the isothermal approximation. This is routinely done
in the study of the disk vertical structure (Spitzer 1942). For a galaxy like our Milky Way,
the typical value of the stellar velocity dispersion is 18kms~!. In fact, the velocity dispersion
is closely related to the age of the stellar disk and bears the fingerprint of heating by several
agents like the molecular clouds (Spitzer & Schwarzschild 1951, Spitzer & Schwarzschild
1953, Lacey 1984), spiral arms (Barbanis & Woltjer 1967), bars (Sellwood & Merritt 1994),
black holes (Lacey & Ostriker 1985) among others.
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1.2.3 The Gaseous Disk

The Different Phases of the Gas & their Tracers: The Inter Stellar Medium (ISM)
contains gas over a wide range of temperatures, densities and ionization states. In fact, the
interstellar gas can be broadly categorized into neutral atomic gas (mainly atomic hydrogen
HI), ionized gas (mainly ionized atomic hydrogen HII) and molecular gas (mainly molecular
hydrogen Hy (See for example, Kulkarni & Heiles 1988, Tielens 2005). Each gas component
is marked by its characteristic properties and can be probed by different tracers, which are

discussed below.

1. Neutral Atomic Gas: The neutral atomic gas can be studied in two distinct
regimes based on the temperature: Cold Neutral Medium (CNM) and the Warm Neutral
Medium (WNM). The CNM (100 K) is present in cold diffuse HI clouds. The WNM (8000
K) constitutes the intercloud gas. A standard HI cloud (often called a Spitzer-type cloud)
has a typical density of 50cm™ and a size of 10 pc. The density of the WNM is much less (
0.5cm ™3 ). Between 4 and 8 kpc from the galactic center, 80 percent of the HI mass in the
plane of the Galaxy is in diffuse clouds in a layer with a (Gaussian) scale height of about
100 pc. At higher latitudes, however, much of the HI mass is in the intercloud medium with
a larger scale height of 220 pc but with an exponential tail extending well into the lower
halo. These two neutral phases have, on average, similar surface densities. The 21 cm line

of atomic hydrogen traces the neutral gas of the ISM.

2. Ionized Gas: The ionized gas, often referred to as the warm ionized medium
(WIM), has a low density ( 0.lcm ™3 ), a temperature of 8000 K and a scale height of 1 kpc.
The WIM shows a complex spatial structure including thin filaments sticking 1 kpc out of the
plane of the Galaxy. The WIM can be traced through dispersion of pulsar signals, through
optical and UV ionic absorption lines against background sources, and through emission in
the Ha recombination line.

3. Molecular Gas: In a galaxy like our Milky Way, the molecular gas is localized in
discrete giant molecular clouds with typical sizes of 40 pc, masses of 4 - 10°M® , densities
of 200cm~3 , and temperatures of 10 K. However, molecular clouds show a large variation

in range in each of these properties. They are characterized by high turbulent pressures as
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indicated by the large linewidths of emission lines. Also, they are self-gravitating rather than
in pressure equilibrium with other phases in the ISM. While they are stable over time scales
of 3-107 years, presumably because of a balance of magnetic and turbulent pressure and
gravity, molecular clouds are the sites of active star formation. Observations of molecular
clouds in the rotational transitions of a variety of species allow a detailed study of their
physical and chemical properties. While CO is commonly used to trace interstellar molecular
gas, Hy is thought to be the dominant molecular species, with a H,/CO ratio of 10* to 10°.
Table 1.1 lists the surface densities and the scale heights of the different phases of the gas.

TABLE 1.1: Surface densities and vertical
scaleheights of the different gas phases at the
solar neighbourhood (T'ielens 2005)

Phase )y He
(Mope™?)  (kpe)
Warm neutral medium 1.5 0.220
Warm ionized medium 1.1 0.900
Cold neutral medium 2.3 0.094
Molecular clouds 1.0 0.075

2Gaussian scale height

1.2.4 Our galactic disk model of gravitationally-coupled stars &

gas

In an ordinary spiral, the disk generally dominates the net galactic potential over dark matter
in the inner parts of the galaxy whereas their respective roles are reversed in the outer parts.
Typically, the total mass present in the stellar disk is an order of magnitude higher than
that present in the gaseous disk, and hence the contribution of the self-gravity of the gas
is neglected in obtaining the net gravitational potential. As a result, traditionally, only the
stars and the dark matter are considered to be the sole contributors to the galactic potential.

In this thesis, we argue in favour of the inclusion of gas gravity in the dynamical model of a
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galaxy. Being a low dispersion component, the gas lies closer to the mid-plane compared to
the stars and strongly governs the disk dynamics there. We therefore use a three-component
model of gravitationally-coupled stars and gas in the force-field of an external dark matter

halo (Narayan & Jog 2002) to study the effect of gas gravity on the disk vertical structure.

1.3 Dark Matter Halos in Spiral Galaxies

It will not be exaggerating to state that the quest for dark matter constitutes the most prolific
field of research in astrophysics today. Most interestingly, this unseen or dark component
of the universe is highly elusive and has stubbornly defied all human attempts to track it
till date. However, on the sly, it lets its presence felt by its strong dynamical effect on
the luminous universe, provided our current understanding of the dynamics governing the
universe is correct. The term dark matter therefore veritably evokes a feeling of enigma,
and unravelling its mystery is one of the greatest challenges of modern physics. It may
be stressed here that the success of this study lies in an effective synergy among ongoing
research spanning various disciplines like astronomy, astrophysics, cosmology and particle-
physics. This not only indicates the scale and immensity of the problem, but also highlights
its tremendous potential to unleash newer avenues of physics, apart from nurturing the

prospect of revolutionizing our current understanding of the universe altogether.

1.3.1 Historical Development

The first concrete evidence for the presence of dark matter on galactic scales was given by
Oort (1932) while analyzing Milky Way local stars. Later the presence of dark matter was
also indicated by the study of the optical rotation curves of external galaxies (Rubin et
al. 1970). Theoretically the luminous disk of the galaxy, being finite in size, is expected
to give rise to a rotation curve, which initially rises with radius and then falls off in a
Keplerian fashion. Surprisingly the observed rotation curves were found to remain flat with
radius in sharp contrast to theoretical prediction. This necessitated the presence of unseen

gravitating matter in the outer parts of the galaxy to reconcile theory with observations.



1.3 Dark Matter Halos in Spiral Galaxies 11

However, optical probes could trace only a few kiloparsecs from the centre of the galaxy,
which corresponded either to the rising part of the rotation curve or the part where it just
started to flatten out. Therefore the optical rotation curves could not be considered to be
the conclusive evidence for the presence of dark matter in galaxies. The final breakthrough
came with the pioneering work of Bosma (1978), who obtained the rotation curves of twenty
spirals, extending up to several stellar disk scale lengths in the outer galaxy, using the 21-cm
line of the atomic hydrogen (HI) as a tracer. This firmly established the authenticity of
the prevailing conjecture about the presence of dark matter in the outer galaxy, and finally
convinced the scientific community about the feasibilty of the existence of dark matter in
galaxies.

Clusters of galaxies have provided the best evidence for DM ever since Zwicky’s (1933)
seminal work in, which, in fact, also provided the first evidence about the presence of dark
matter. Applying the virial theorem on the observed radial velocity dispersions of the galax-
ies in the Coma Cluster, he obtained the underlying gravitational potential of the cluster,
which was much larger than the visible part of the cluster could account for. The Coma
cluster of galaxies provides perhaps the single strongest piece of evidence for DM because
of the dramatic difference in its mass-to-light ratio (M/L = 400) from that of the Solar
neighbourhood (M/L = 2 - 3).

1.3.2 Role of Dark Matter in Galaxy Formation & Evolution

The necessity for the presence of dark matter is warranted not only by the observed flat-
ness of the galactic rotation curves. In fact, the presence of these huge masses of unseen
gravitating matter is essential for the formation of galaxies and large scale structures seen in
the universe today. Interestingly, the observable universe comprises of a reasonably uniform,
foam-like structure on large scales (a few hundred million light years), but marked by in-
homogeneities on smaller scales. On more precise terms, colossal voids containing relatively
few galaxies are surrounded by immense filaments spanning hundred million light years. It
may be noted here that although filaments host the major mass fraction of the universe, they

can be effectively fitted into only a few percent of its total volume. The structure-formation
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in the universe is believed to have taken place due to the presence of seeds of irregularities
superimposed on the smooth background potential of the universe. With time, these tiny,
relatively dense regions accrete more and more mass, and grow bigger and bigger in size.
Parallely the surrounding rarefied regions become thinner and thinner. Now the estimated
baryonic content of the universe is inadequate to have produced gravitational wells to sustain
the structure-formation seen in the universe today, and this is exactly where the dark matter

has to step in salvage the situation (Freeman & McNamara 2006).

Cold, Hot & Warm Dark Matter: In currently popular cosmologies the universe is
usually considered to be consisting of three main components. In addition to the baryonic
matter that make up the visible universe, astronomers have found various indications for the
presence of dark matter and dark energy. Although the nature of both dark matter and dark
energy is still unknown, it is believed that they are responsible for more than 95 percent
of the energy density of the universe. Different cosmological models differ mainly in (i) the
relative contributions of baryonic matter, dark matter, and dark energy, and (ii) the nature
of dark matter and dark energy. The most popular model is the so-called A-CDM model,
a flat universe in which about 75 percent of the energy density is due to a cosmological
constant (A), 21 percent is due to cold dark matter (CDM), and the remaining 4 percent is
due to the baryonic matter out of which stars and galaxies are made. Lambda is interpreted
as the fraction of the total mass-energy density of a flat universe that is attributed to dark
energy that explains the current accelerating expansion of space against the gravitational
collapse. CDM is described as being cold (its velocity is non-relativistic at the epoch of
radiation-matter equality), possibly non-baryonic, dissipationless (cannot cool by radiating
photons) and collisionless (the dark matter particles interact with each other and other
particles only through gravity). Besides there are Hot Dark Matter (HDM) and Warm Dark
Matter (WDM) models as well. HDM is a hypothetical form of dark matter which consists
of particles that travel with ultra-relativistic velocities. The best candidate for the identity
of HDM is the neutrino. This implies thermal motions sufficient to smooth out all structures

on scales smaller than a few tens of Mpc. The first non-linear structures should be a few tens
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of Mpc in size, which must fragment to form smaller structures such as the galaxies, thus
supporting a top-down scenario of galaxy formation. However such a picture is at conflict
with observations. Simulations of structure formation in a neutrino-dominated universe by
White et al. (1984) demonstrated they could not produce galaxies without at the same time
producing much stronger galaxy clustering than is observed. Warm dark matter (WDM) is
a hypothesized form of dark matter that has properties intermediate between those of hot
dark matter and cold dark matter, causing structure formation to occur bottom-up from
above their free-streaming scale, and top-down below their free streaming scale (Mo, van de

Bosch & White 2010).

Dark Matter in Cosmological simulations: Over the last few decades, cosmological
simulations have been aimed at modeling the structure formation of the universe. The basic
process of structure formation involves gravitational collapse of dark matter dominated mate-
rial, with the assumption that this mass comprises gravitationally-interacting non-relativistic
cold dark matter (CDM). Aided by the recent breakthrough in high performance computa-
tions, large computer simulations can now probe the formation and properties of individual
galaxies in unprecedented detail in CDM cosmology. This has culminated into robust pre-
dictions about the density distribution of dark matter on galactic scales, which interestingly,
has been found to have a central power law cusp, p o< r~7 with v lying between 1 and 1.5
(Merrifield 2004). However, observational methods still favour a cored density distribution
in ordinary spirals (de Blok et al. 2003), in dwarfs (Flores & Primack 1994, Marchesini et
al. 2002, Gentile et al. 2005) as well as in low surface brightness galaxies (de Blok et al.
2001, McGaugh et al. 2001, Marchesini et al. 2002, Kuzio de Naray et al. 2006, 2008). This
cusp-core problem continues to be a debatable issue till date and attempts are made being

made to resolve the issue (Pontzen & Governato 2011).

The simulations also predict the overall shapes of dark matter halos, which are typically
oblate, with the shortest-to-longest axis ratios being 0.5 + 0.2. Besides, these studies have
also allowed us to gain valuable insight into the dependence of halo shapes on various other
parameters like mass and redshift. While massive halos are found to be more spherical, halos

of a given mass have been found to become flatter with redshift. These apart, the shape
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of halos seems to be highly correlated with the merger history. In fact, halos which have
experienced a recent merger are found to be prolate in shape, with the major axis showing

the direction along which the merging event occured (Bailin & Steinmetz 2005, Houjon et

al. 2010).

1.3.3 Modified Newtonian Dynamics: Alternative to Dark Matter

A plausible alternative to dark matter to comply with the observations at galactic scales
is the Modified Newtonian Dynamics (MOND) theory. According to theory, flat rotation
curves reflect a failure of General Relativity rather than the existence of dark matter (Mil-
grom 1983). The theory is based on the assertion that there is a characteristic acceleration
a ~ cHy/2m below which Newtonian gravity fails; when Newtonian dynamics predict the
gravitational attraction to be gy < ap, then the actual acceleration is gy = \/gnag. Sev-
eral studies have demonstrated that MOND can predict the rotation curves of galaxies from
their light profiles. In fact, the mass-to-light ratios that are assigned to each galaxy vary
with waveband and galaxy type very much as is expected from the point of view of astro-
physics. This in turn has confirmed that a characteristic acceleration ag is involved between
galaxy photometry and dynamics. However, the main problem with MOND lies in the non-
universality of ag. The value of ag required if dark matter is not to be invoked in galaxy
clusters is about a factor of two larger than that fitted to data for disk galaxies (Binney

2004).

1.3.4 Dark Matter Halo Density Profiles

A range of profiles have been suggested to describe the spatial density distribution of the dark
matter halos in the galaxies. Some of them are based on simulation results of cosmological
models of galaxy formation. Others have been proposed to comply with observations. Fol-

lowing are some of the dark matter density profiles which are commonly used in the literature.

Pseudo-isothermal Profile: The pseudo-isothermal density profile of the dark matter halo
is routinely used by astronomers (de Blok et al. 2008, Oh et al. 2008) to fit the observed
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rotation curves. It is simple and physically-motivated, and is given by

Po
1+ 25

ppou(R, 2) = (1.16)

where p, is the core density and r. is the core radius.

NFW Profile: The NFW profile was proposed by Navarro et al. (1996) using high-
resolution N-body simulations of structure formation in a CDM cosmology. They found

that the density profiles of the dark matter halos are well-described by

5chzzr
(r/rs)(1+ 7“/7”3)2

Here r, is the scale radius and 6.4, the characteristic overdensity.

poM (1) = Perit (1.17)

Einasto Profile: The Einasto profile (See for example, Merritt et al. 2006) was suggested
to account for the small but systematic deviations from the spherically-averaged dark matter
halos as was seen in numerical simulations of higher resolution (Navarro et al. 2004, Hayashi

& White 2008, Gao et al. 2008, Springel et al. 2008). It is given by

—2/( r

ppu (1) = p—sexp [— <—)a - 1] (1.18)

« r_o
Here r_5 is the radius at which the logarithmic slope of the density distribution is -2
and p_o = p(r_s). Einasto profile has 3 free parameters compared to 2 of the NFW profile.
Therefore, it is not surprising that it fits the simulation results better than the NFW profile.

Burkert Profile: Another viable alternative is the phenomenological model proposed by
Burkert (1995) which is given by

poro”
T4 10)(r? + 19?)

pou(r) = ( (1.19)

Here pg and 1 are the central density and the scale radius respectively. This density profile

resembles an isothermal profile in the inner regions(r < rg) and has a finite central density py.
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de Zeeuw & Pfenniger profile: The above density profiles assume the halo to be spherical
in shape, and therefore does not allow one to probe the shape or flattening (i.e vertical-to-
planar axis ratio ) of the halos, which is often the parameter of interest. The 4-parameter
model proposed by de Zeeuw & Pfenniger (1988) allows one to investigate the shape of the

halo, and is given by

Po

p(R,2) = —— % (1.20)
1

where py is the core density, R, is the core radius, p is the density index, and ¢ is the vertical-

to-planar axis ratio. For p = 1 and ¢ = 1, this profile reduces to the pseudo-isothermal profile

described above. In this thesis, the de Zeeuw & Pfenniger density profile has been used to

study the dark matter halos in spiral galaxies.

1.3.5 The Issue of the Maximal/Minimal Disk

The total amount of dark matter present within a given radius is ill-constrained by the
observed rotation curve. This is due to uncertainties both in the geometry of the dark mass,
and in the fraction of the total mass contained in the stellar disk itself. Maximal disks are
disks where the total mass is assumed to be maximum that is consistent with the observed
rotational velocity, while minimal disks are those in which the total mass is assumed to be
the minimum that is consistent with the observed rotational velocity. In general, models
of dissipationless dark matter predict that spiral disks should not be maximal. For the
Milky Way as well as the external spirals, evidence has been presented both for and against
maximal disks, with most of the controversy centered on the uncertainty in the stellar disk

mass (Sackett 1997; Bershady et al. 2011).

1.3.6 Probes of the Dark Matter Halos in Galaxies

There has been persistent efforts to study the galactic dark matter halos and their shapes ever
since their discovery. One may reiterate the fact that the dark matter constitutes the bulk of
the total mass of the galaxy, and therefore it is essential to know their structure, mass and

density distribution to understand the dynamics of galaxies better, apart from the history



1.3 Dark Matter Halos in Spiral Galaxies 17

of the formation and evolution of the galaxy as a whole. More specifically, determination
the dark matter halo concentration near the galactic midplane is vital in order to gauge its
effect on the disk dynamics, which is one of the prime objectives of this thesis. Also, the
relevance of measuring the dark matter halo shapes lies in the fact that they are sensitive

to the nature of the dark matter particles (Helmi 2004).

The determination of the dynamical mass, however, is not a trivial task. This is because
we always observe projected positions on the plane of the sky and line-of-sight velocities at a
given instant rather than complete three-dimensional orbits over an extended period of time
(Tremaine & Mok Lee 2004). In the following sections, the common probes for studying the

dark matter halo profiles are briefly discussed .

Rotation Curve Constraint: An array of observational probes is used as diagnostics to
trace the density distribution of the dark matter halos. Primarily the observed rotation curve
of a galaxy is used to estimate its dark matter halo content, the rotational velocity being
determined employing the Doppler Shift Method. In the beginning, however, such studies
were limited to the inner parts of galaxies as astronomers had only optical probes at their
disposal to measure rotational velocity. In general, the inferred mass was consistent with the
luminous components at these small radii. However, the discovery that spiral galaxies are
surrounded by huge disks of atomic hydrogen, aided by the emergence of radio astronomy,
completely altered the picture. The 21c¢m radio emission line traced the rotational velocity
of the galaxies at larger and larger radii. Surprisingly, the rotational velocity was found to
remain constant instead of falling off with radius in a Keplerian fashion, as was predicted
based on the gravitational field of the luminous components only. This discovery caused a
huge shift of paradigm, and established the fact that dark matter dominates the Universe
at all scales. Currently, rotation curves are extensively used to measure the dark matter
properties of spiral galaxies (de Blok et al. 2008, Oh et al. 2008). However, a word of caution
needs to be borne in mind: As rotation curve itself played a key role in the development of the
dark matter paradigm, it will be surprising if the theory failed to reproduce those properties
that strongly motivated it in the first place. Instead, one should employ alternative probes

for some independent confirmation or refutation of the theory.



18 Introduction

Flaring of HI gas layer of spirals: The flaring HI gas layer traces the dark matter halo
distribution near the mid-plane in the outer part of the galaxy. The thickness of the HI gas
layer at any galactocentric radius is determined by a balance between the upward kinetic
pressure and the net downward gravitational pull of the galaxy. Since the magnitude of
turbulent gas pressure is generally known a priori, the observed gas thickness can be used
to determine the net underlying gravitational potential of the galaxy, and hence that of the
dark matter halo, by subtracting the contribution of the disk which can be estimated from
the modeling of observational data. Since the HI disk in spiral galaxies extends radially
outward over several stellar disk scalelengths, the thickness of the HI gas layer in the outer
galaxy can be used to trace the dark matter halo properties directly, as the gravitational
potential in this region is practically due to the dark matter halo only (Olling & Merrifield
2001, Narayan et al. 2005). However, obtaining the HI scale height data for galaxies is
a challenging task, and therefore has been measured only for a handful of galaxies. This
is because the observed width of the HI layer in the direction perpendicular to the major
axis is the combined result of the beam broadening, inclination and disk thickness. The
determination of the z distribution of the neutral hydrogen is further complicated by optical
depth effects which are probably the greatest across the major axis and therefore tend to

make the z distribution appear somewhat broader (Sancisi & Allen 1979).

Population IT Kinematics: The underlying gravitational potential and hence the DM of
the Galaxy can be determined from the dynamics of the Population II objects such as stars,
globuler clusters and satellite galaxies, which have large random velocities. Application of
virial theorem yields the underlying potential from which the contribution of the dark mat-
ter can be estimated. The velocity dispersion tensor of the Population II stars in the solar
neighbourhood is anisotropic and this feature is used to obtain the local mass distribution
of the Galaxy. However, due to uncertainties in the Galactic parameters and particularly
the orbital structures of the tracer stars, these studies have remained largely inconclusive
(Binney et al. 1987, van der Marel 1991, Amendt & Cuddeford 1994). Because globular
clusters and satellite galaxies are found out to large distances, they can be used to constrain

the force field at large distances, where the rotation curve cannot be measured directly. The
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Population II tracers appear to confirm that, the Galaxy contains substantial amounts of
dark mass, but the results are not yet reliable enough to constrain the distribution of dark

mass or accurately measure its extent.

Kinematics of Polar Rings: A galaxy which hosts a gas ring, the plane of which is almost
orthogonal to the plane of the galaxy, is referred to as a Polar Ring Galaxy (PRG). The fact
that the accreted gas has settled into orbits that are near the polar planes of the galaxies
suggests that the underlying the potential in these galaxies is not spherical. As the gas ring
lies on a plane perpendicular to the symmetry plane of the light distribution, the velocity
field can be mapped on two different planes and hence these galaxies provide the unique
oppotunity to study the 3-D distribution of the underlying mass distribution, and specially
its shape (Arnaboldi et al. 1993, Sackett et al. 1994, Sackett & Pogge 1995, Combes &
Arnaboldi 1996).

Tidal Streams: The stellar tidal streams constitute a powerful probe of the shape of dark
matter halo. In general, the probes used are sensitive to the density profile of the halo only.
Satellite galaxies are tidally disrupted as they orbit the Milky Way. Stars infalling towards
the Galactic center orbit the Galaxy faster than the satellite itself. Conversely, stars stripped
from the side of the satellite further from the Galactic center orbit more slowly and trail
behind the satellite. As they spread out, these stars form leading and trailing tidal streams
respectively, which serves as a sensitive probe of average properties of the dark matter halo

(Helmi 2004, Law & Majewski 2010, Varghese et al. 2011).

Weak Lensing: One of the consequences of Einstein’s theory of general relativity theory
was that massive bodies could bend the path of light rays. This effect is called gravitational
lensing. In some cases the bending of light is so extreme (when the lens galaxy is very mas-
sive and the source galaxy is close enough to it), that the light travels along two different
paths to the observer, multiple images of one single source appear on the sky and arcs of

light are created which are aligned tangentially with respect to the center of the lens. This is
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known as strong gravitational lensing where usually a rich galaxy cluster acts as the lensing
system. However, in most cases the lens is not strong enough to form multiple images or gi-
ant arcs. The background galaxies, however, are still distorted, stretched and magnified but
by a smaller degree. This is called weak gravitational lensing. In recent years weak lensing
has emerged as a probe of the dark matter distribution. The tangential distortion of the
background galaxies due to weak lensing by foreground galaxies is statistically measurable
for large samples of source-lens pairs and high quality data, which gives an idea of the mass

distribution of the foreground galaxies (Bartelmann & Schneider 2001).

Other Tracers: Apart from the above methods, the evolution of gaseous warps, the pre-
cession of accreted dusty gas disks, strong radio lensing of spirals and geometry of X-ray
isophotes are the other tracers used to study the dark matter halos of galaxies. For detailed

discussion, see Sackett (1999).

1.3.7 Our method of probing the Galactic Dark Matter Halos

This thesis focusses on constraining the density distribution along with the shape of the
underlying dark matter distribution, using the both the observed rotation curve and the HI
scale height data on an equal footing. Neither the rotation curve nor the HI scale height data
is sufficient on its own to constrain the dark matter halo profile. While the rotation curve
determines the radial derivative of the net galactic potential, the HI scale height data fixes
its vertical derivative. In a way, the rotation curve grossly determines the halo mass within
a certain radius, whereas the HI scale height data acts as a finer constraint determining the
shape of the halo. However, the major challenge in using the above method lies in obtaining
the HI scale height data as discussed earlier.

It may be noted here that in the first part of the thesis, namely “Vertical Structure of
Spiral Galaxies”, the vertical density distributions of the stars and/or the gas for a known
dark matter halo is predicted. In the second part, which concerns the “Dark Matter Halos
of Spiral Galaxies”, the complementary approach is adopted. The dark matter halo is not

known a priori and is constrained using the observed HI scale height data.
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The origin of steep vertical stellar distribution

in the Galactic disk !

Abstract

Over the past two decades observations have revealed that the vertical density distribution
of stars in galaxies near the mid-plane is substantially steeper than the sech? function that
is expected from an isothermal approximation. However, the physical origin for this has
not been explained so far. Here we show that such steep profiles result naturally even
within the isothermal regime, on taking into account the gravitational force due to the gas.

Due to its low velocity dispersion the gas is concentrated closer to the galactic mid-plane

!Banerjee & Jog 2007, ApJ, 662, 335
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than the stars, and hence it strongly affects the vertical stellar distribution even though its
contribution to the total surface density is small. We apply a three-component galactic disk
model consisting of gravitationally coupled stars and the HI and H, gas, embedded in the
dark matter halo, and calculate the vertical density distribution of stars for the Galaxy. The
resulting vertical density distribution of stars is shown to be steeper than the sech? function,
and lies between the sech and an exponential function, in good agreement with observations
of galaxies. We also show that a multi-component stellar disk consisting of coupled dwarfs

and two populations of giants does not explain the observed steep stellar profiles.

2.1 Introduction

It is well-known that a gravitating, isothermal stellar disk in a galaxy can be represented by
a self-consistent vertical distribution that obeys a sech? profile as was shown theoretically
(Spitzer 1942); and confirmed by observations (van der Kruit & Searle 1981 (a,b)). However,
recent studies have shown that the observed vertical distribution in galaxies is steeper, and
is well-approximated by an exponential or a sech function, especially close to the galactic
mid-plane, as shown for the Galaxy (Gilmore & Reid 1983; Pritchet 1983; Kent, Dame &
Fazio 1991; Gould, Bahcall & Flynn 1996) and also for external galaxies (Wainscoat et al.
1989; Aoki et al. 1991; Barnaby & Thronson 1992; van Dokkum et al. 1994; Rice et al.
1996). These later, near-infrared observations, which are free from the errors due to dust
extinction, allow one to probe regions closer to the mid-plane. These show an excess over
the isothermal case near the mid-plane, which is better-fitted by an exponential or a sech
profile.

The sech? profile results under the isothermal assumption for the equation of state so
that the pressure p can be written as density p times the square of the sound velocity or the
random velocity dispersion, and the additional assumption that the velocity dispersion is
independent of vertical distance (Spitzer 1942, Bahcall 1984). An exponential distribution
as observed in some cases was argued to be unphysical when extended all the way to the
mid-plane, and a fit intermediate between an exponential and an isothermal was suggested

in terms a family of curves denoted by a parameter n (van der Kruit 1988). Subsequent
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observational papers analyze the data and give their results in terms of this parameter n
- see e.g., de Grijs & van der Kruit (1996); de Grijs, Peletiers & van der Kruit (1997).
However, the set of models proposed by van der Kruit (1988) is somewhat ad-hoc since it is

not obtained as a solution to the basic equations relevant in this context.

The physical origin of the steeper-than-isothermal vertical profile has not been fully
explained so far. An exponential profile is shown to result if the gas settles in a protogalaxy
into isothermal equilibrium and if the star formation rate is equal to the cooling rate of the
gas (Burkert & Yoshii 1996). However, this model requires a specific set of initial conditions,
and does not take account of the secular heating (e.g., Binney & Tremaine 1987) that stars

undergo, and also it cannot explain the sech behaviour seen in many galaxies.

In this paper, we show that the steep vertical profile occurs naturally on taking account
of the strong constraining effect of the gravitational force due to gas. Because of its lower ve-
locity dispersion the gas forms a thin layer and thus lies closer to the galactic mid-plane than
the stars, hence despite its small mass-fraction the inclusion of gas is shown to significantly
affect the stellar vertical distribution. We apply a three-component model of a galactic disk
consisting of gravitationally coupled stars, HI and Hs gas, in the field of a dark matter halo,
developed earlier by Narayan & Jog (2002 b). The resulting thickness was defined as the
HWHM of the vertical distribution for each component and it showed a good agreement with
observations for the inner Galaxy (Narayan & Jog 2002 b), and also the moderate stellar
flaring predicted agreed well with observations of external galaxies (Narayan & Jog 2002
a). In the current paper, we concentrate on the density distribution close to the mid-plane.
There is no discrepancy in these two approaches since at higher vertical distances, the various
functional forms have the same (sech?) behaviour. We treat the stellar disk to be a single

component for simplicity, this assumption is justified later.

The results obtained in this paper show that the inclusion of gas gravity can account
for the observed steepness in the stellar profiles closer to the mid-plane. Also, we predict
the surface brightness distribution in the K-band at different galactocentric radii within the

Galaxy, considering it as an edge-on system as it would appear to an external observer.

In Section 2.2, we discuss the model used and the method for solving the equations, and
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give the parameters used. Section 2.3 contains the results obtained, Sections 2.4 and 2.5

give the discussion and the conclusions respectively.

2.2 Formulation of Equations and Solutions

We have used the three-component, galactic disk model of Narayan & Jog (2002 b) to obtain
the vertical density distribution of stars in the Galaxy, as discussed in Section 2.1. In this
model, the response of each component to the joint potential determines the net vertical
density distribution in a self-consistent manner. The atomic and molecular hydrogen gas are
distributed in two thin disks, embedded within the stellar disk, and are also axisymmetric
and coplanar with it. We use the galactic cylindrical co-ordinates (R, ¢, z). The equation of

hydrostatic equilibrium in the vertical direction is given by (Rohlfs 1977):

(02)2) dps
pi dz

= (K.)s + (K. ) a1 + (K., + (K.)pu (2.1)
where ¢ = 1,2,3, and DM denotes these quantities for stars, HI and Hs gas, and the dark
matter halo respectively. Here K, = —0v/0z is the force per unit mass along the z, and 1
is the corresponding potential, and < (v,)? >'/? is the random velocity dispersion along z.
We have assumed the equation of state to be isothermal and the dispersion to be constant

with z.

Under the assumption of a thin disk, the joint Possion equation simpifies to

s d*pr AP,
dz? + dz? + dz?

= 47G(ps + pur + pu,) (2.2)
On combining equations (2.1) & (2.2), the density distribution of a component i at any

radius is given by

d(K.)pm
dz )

L (dp; ?
—|—; (dz) (2.3)

From the above equation, it is evident that though there is a common gravitational

d*pi Pi
2 = ((%)?) X [_47TG(PS + par + sz) +

potential, the response of each component will be different due to the difference in their

random velocity dispersions.
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2.2.1 Solution of the equations

The above equation represents a set of three coupled, second order ordinary differential equa-
tions which is solved numerically by the Fourth order Runge-Kutta method in an iterative
fashion (Narayan & Jog 2002 b) with the following two boundary conditions at the mid-plane

i.e z=0 for each component:

dp;
dz

However, the modified mid-plane density (pg); for each component is not known a priori.

pi = (po)i 0 (2.4)

Instead the net surface density ¥;(R), given by twice the area under curve of p;(z) versus
z, is used as the second boundary condition, since this is known observationally. Hence the
required value of (p;)o can be determined by trial and error method, which eventually fixes

the p;(z) distribution.

2.2.2 Parameters used

We require surface density and the velocity dispersion for each component to solve the
coupled set of equations at each radius, these parameters have been taken as in Narayan
and Jog (2002 b). The observed values were used for the gas surface densities (Scoville &
Sanders 1987), see Table 2.1. The stellar surface density, and the density profile of the dark
matter halo, were taken from the standard mass model for the Galaxy by Mera et al (1998):
here the stellar disk has an exponential distribution with a disk scale length of 3.2 kpc and

2

the local stellar density of 45 Mg pc™, which gives the central stellar surface density of 641

2 and the dark matter halo is taken as an isothermal sphere with a core radius of

Mg pc™
5 kpc and the rotation velocity of 220 km s ~!. Table 2.1 also lists the values of the ratio
Yuiim, /s, the total gas to stellar surface mass density.

The observed gas velocity dispersion values are taken, with 8 km s ~! for HI (Spitzer
1978) and 5 km s ~! for Hy gas (Stark 1984, Clemens 1985). The observed planar stellar
velocity dispersion values from Lewis & Freeman (1989) were used to obtain the vertical

dispersion values assuming the same ratio, namely 1/2, of the velocity dispersions as seen

in the solar neighborhood (Binney & Merrifield 1998). This gives an exponential velocity
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TABLE 2.1: Best-fitting 2/n values at different radii
Radius g Y, ZHIH ) 2/n

Y
(kpe)  Mgpc™® Mgpe™?

2 1.8 4.0 0.02 3.33 0.6

3 3.8 4.9 0.04 5.4  0.37
4 4.6 13.1 0.10 7.32  0.27
4.5 4.6 19.7 0.16 9.12 0.22
b} 4.6 14.2 0.14 791 0.25
6 4.6 10.8 0.16 6.89 0.29
7 4.7 4.9 0.13 4.86 0.41
8 5.3 3.6 0.17 4.5 0.44
8.5 5.6 2.1 0.17 4.26 047
9 5.6 1.4 0.18 4.22 047
10 5.6 0.8 0.23 293 0.68
11 5.6 0.6 0.30 2.88 0.69
12 5.6 0.4 0.40 283 0.71

distribution with a scale length of 8.7 kpc and the local value of 18 km s ~! (Lewis & Freeman

1989, Narayan & Jog 2002 b).

2.3 Results

2.3.1 Effect of gas on stellar vertical distribution

We first illustrate the dynamical effect of the inclusion of the low-dispersion component,
namely the gas, on the vertical distribution of stars. First compare the gravitational force
due to stars and gas taken separately. The strength of the force per unit mass |K,| for
an isothermal single component is obtained by solving the force equation and the Poisson

equation (eqgs. 2.1-2.2) together. These can be solved analytically and give (Spitzer 1944,
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Rohlfs 1977):

= 2@ tanh z /2 (2.5)

K.
20

where < v? > is the mean square of the velocity. The vertical density distribution is given

by

p(2) = posech?(z/z) (2.6)

where the constant zj is given in terms of the mid-plane density, pg, as:

We treat the stars-alone case first and use the total observed stellar surface density > at
a given radius as a boundary condition, and integrating eq. (2.6), we constrain both pg and
zo simultaneously. The procedure is then repeated for the gas-alone HI and Hy components
taken separately. The resulting values for the |K | the strength of the force per unit mass due
to stars-alone and that due to HI and Hy alone (drawn on a log scale) vs. z are shown in
Fig. 2.1, as calculated at R=6 kpc. It is clear that up to|z|< 150 pc, the force due to gas is
significant ~ 30% of that due to stars. This is the spatial region over which we have fitted
the n(z) profiles to obtain the parameter n (Section 2.3.2). Thus we expect to see steepening
of the density profile of stars on taking account of the gas gravity.

A similar plot for the coupled case cannot be given since the three disk components
(stars, HI and Hy) are coupled, hence the individual terms on the r.h.s. of equation (2.1)
are not known. However, a gradient of |[K,| with z can be given in terms of the mass density,
p, for each component using the Poisson equation. The resulting values of mass densities
for the three coupled components as obtained from our model at R=6 kpc are plotted in
Figure 2.2. This is another indicator of the importance of gas in the dynamics close to the
mid-plane. The mid-plane density of the gas and the stars are comparable, hence the gas
gravity affects the stellar dynamics significantly.

The dynamical effect of gas gravity on the net vertical density distribution of stars is

clearly shown in Figure 2.3, where we plot and compare the stellar density distribution vs.
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FIGURE 2.1: Plot of force per unit mass || for the star-alone case and the Ho-alone and HI-alone
cases on a log scale vs. z , calculated at R= 6 kpc. The force due to the gas is a significant fraction
~ 30% of the stars-alone case for the z values close to the galactic mid-plane (2| < 150 pc).

R=6 kpc
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FIGURE 2.2: The density distribution vs. z for the gravitationally coupled three-component
system obtained at R= 6 kpc, plotted for the stars, Ho, and HI gas components. The gas density
is a significant fraction of the stellar density close to mid-plane, hence the force due to gas has
a strong effect on the stellar distribution despite the fact that the gas surface density is a small
fraction of the total disk surface density.
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FIGURE 2.3: The density distribution vs. z for the star-alone case and for the stars in a grav-
itationally coupled three-component system obtained at R = 6 kpc. Because of the gravitational
force due to gas, the stellar distribution in the coupled case has a higher central value, the profile
is steeper, and the thickness (HWHM) is smaller.

z for the stars-alone case and also as obtained in the coupled system. First, the central
or the mid-plane peak in density is increased, and the shape of the central profile becomes
sharper which is studied quantitatively in terms of the parameter “n” in the rest of the
paper. Further, the scale height (HWHM) of the stellar distribution is lower in the coupled
system due to the inclusion of gas gravity - this aspect was studied in detail in our earlier
work (Narayan & Jog 2002 b). Thus the inclusion of gas affects the central peak density of
the stellar distribution, and the shape of the profile, and also it decreases the stellar vertical

scale height.

Thus we have shown that due to its lower velocity dispersion, the gas forms a thinner
layer and is concentrated closer to the galactic mid-plane than the stars. Hence, despite the
fact that the gas contains a small fraction of the total disk surface density, it has a significant

effect on the vertical density distribution of the main mass component, namely the stars.

A study highlighting a similar constraining effect of a molecular cloud complex was done
by Jog & Narayan (2001). The cloud complex is massive (~ 107 M) and extended (~ 200
pc in size), with an average density much higher than the mid-plane stellar density, hence
in that case the |[K | due to the complex dominates over the |K,| due to stars-alone case (Fig.

1 in that paper), and the resulting changes in the vertical density distribution of stars and
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the HWHM (Figs. 3 and 4 respectively in that paper) are much stronger. Figures 1 and 3

in that paper are the analogs of Figures 2.1 and 2.3 given above.

2.3.2 Model Stellar Vertical Profiles

The self-consistent vertical density distribution of stars was determined for the radial range
of 2-12 kpc in the Galaxy, following the method discussed in Section 2.1. In order to compare
our results with the observational papers in the literature which have fitted their data to
the van der Kruit (1988) curves, we also fit our numerical solution for p(z), the stellar mass

density, to the family of curves suggested by van der Kruit (1988):

p(z) = 272/ p, sech® ™ (nz/2z.) (2.8)

which is characterized by three parameters p., z. and n. Here p. is the extrapolated outer
mass density away from the galaxy plane which is the same for all values of n at large z
, and z. is the vertical scale parameter. For a given p,., the effective scale heights and the
amplitudes at z=0 are obtained as a function of the parameter n.

In the limiting cases of n=1 and n=o00, eq. (2.8) reduces to the usual isothermal (or the
sech? function), and an exponential function respectively, while n=2 denotes an intermediate
case of the sech profile.

In Figures 2.4 and 2.5, we compare the vertical stellar-density profiles for n=oo(exp),
n=2(sech) and n=1(sech?) cases with our model curves obtained at R=6 kpc and 8.5 kpc
respectively. The values of the parameters p. and z. in these cases are the best-fitting values
obtained from fitting our model curves to within || < 150 pc of the galactic mid-plane. The
model curve in Figs. 2.4 and 2.5 is best-fitted by n = 6.9 and n = 4.3 respectively, thus it
lies between the sech and an exponential profile. In the region of the molecular ring, which
includes R= 6 kpc, the influence of gas is higher and hence the resulting vertical profile is
steeper than in the solar neighbourhood region of 8.5 kpc. This underlines the crucial effect
of gas in causing a steepening of the vertical stellar density profile in the galactic disk. The
best-fit values for z. are 368 pc and 362 pc respectively. From these figures, it is clear that

the best-fitting value of n depends on the range of z used, and at large enough z-range all
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log(rho)

z/z
e

FIGURE 2.4: Plot of vertical density distribution versus z/z., at R = 6 kpc. The model profile
(solid line) is best-fitted by the n = 6.9 case from van der Kruit (1988), and is steeper than the
stars-alone isothermal or the sech? case (n=1), and lies between the sech z (n=2) and an exponential
(n=00) cases (shown as dotted lines). This region lies within the molecular ring of high gas density
, hence it results in a steep vertical profile.

curves go over to the usual sech? profile.

The effect of gas gravity is further illustrated by plotting the best-fitting 2/n values versus
radius for the Galaxy obtained from our analysis in Figure 2.6. Also, Table 2.1 gives the best-
fitting 2/n values obtained at different radii along with the total gas-fraction at each radius.
It shows that 2/n lies between 0 and 1 in general, or that n lies between oo and 2. Thus,
our model vertical distribution is steeper than the one-component isothermal case (n=1) at
all radii, and lies between an exponential and a sech profile. This is in direct conformity
with the results obtained by Peletiers et al (1997) for a complete sample of external, edge-on
galaxies.

Interestingly, the best-fitting steepness index n is more directly dependent on the total
absolute gas surface density than on the gas fraction (see Table 2.1). This needs to be studied

for other galaxy types and gas mass ranges in a future paper.

2.3.3 Luminosity profile of a multi-component stellar disk

So far we have treated the stars to consist of a single, isothermal component and our dy-

namical model gives the steep vertical density profile for this single stellar component when



36 The origin of steep vertical stellar distribution in the Galactic disk

log(rho)

FIGURE 2.5: Plot of vertical density distribution versus z/zg, at R = 8.5 kpc. The vertical model
profile is best-fitted by n=4.3 case from van der Kruit (1988), which is closer to the sech case and
is less sharp than at R = 6 kpc, but is still sharper than the stars-alone, isothermal case (sech? z).

coupled to the HI and Hy gas components. We confirm the validity of this assumption next.

Alternatively, a steepening of stellar vertical luminosity profile could also occur if a
superposition of stellar components with different velocity dispersions is considered, as has
been suggested qualitatively (de Grijs et al. 1997). We check and refute this idea by
considering a coupling of the G-K-M dwarfs which contain the main mass fraction in the
stellar disk, and giants which contain a much smaller disk mass fraction but dominate the
disk luminosity. This latter feature is well-known, namely that the luminosity of the disk
is dominated by giants which may not determine its dynamics as cautioned by Mihalas &
Binney (1981). The giants span a large range of velocities covering a factor of 2, and at a first
glance it may seem that that would result in a non-isothermal stellar luminosity profile, or a
profile steeper than sech?. However, as we show next, the net dynamics in a disk consisting
of coupled dwarfs and giants is largely determined by the dwarfs because they constitute the

main disk mass component and the two have comparable dispersions.

We treat the giants to consist of two separate components or populations characterized
by vertical dispersions of 14 km s~ and 28 km s ! respectively, with 23 % of the mass
surface density of giants in the higher velocity component, as was shown in a recent study

based on the Hipparcos data by Holmberg & Flynn (2004). We then apply our coupled,
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FIGURE 2.6: Plot of vertical density distribution versus z/zp, at R = 8.5 kpc. The vertical model
profile is best-fitted by n=4.3 case from van der Kruit (1988), which is closer to the sech case and
is less sharp than at R = 6 kpc, but is still sharper than the stars-alone, isothermal case (sech? z).

three-component disk model to the G-K-M dwarfs (treated as a single component) and the
above two giant components. The total surface densities of dwarfs and giants are taken to be

13.5 and 0.19 Mo pc 2 respectively as observed, see Table 4-16 in Mihalas & Binney (1981).

The resulting net stellar density distribution from our model is fitted by the van der
Kruit (1988) function to obtain the “n” parameter. Our dynamical model gives the n value
for dwarfs in this case to be 1.01, which is almost identical to a one-component sech? profile
(which is given by n=1). For each of the two populations of giants, the best-fit n value is also
1.01. Next, we add the density profiles for these two giant populations, and the best-fit value
for n in this case is found to be 1.07, which is still close to the isothermal case, although it
is very slightly steeper than the profile for the individual components. The net luminosity
profile, as set by the sum of the giant populations, will thus be nearly a sech? or close to
an isothermal. This is a somewhat surprising result and physically this can be explained
by the fact that the high-velocity giant population has a much lower surface density, hence
in the coupled three-component system treated here, its density contribution within 150
pc (this is the z-range over which the fitting for n is done) is much smaller than the other
giant component. This is why despite the two giant populations having such different vertical

velocity dispersions, the net density profile of the giants is close to that of a single isothermal.
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FIGURE 2.7: A plot showing the model surface brightness curves in the K-band versus the
distance z from the mid-plane, calculated at different galactocentric radii, treating the Galaxy as
an edge-on system as seen by an external observer.

The n for the combined giants is thus very similar to the n for the main mass component

namely the dwarfs.

Note that the observed stellar luminosity profile is much steeper with n=2 or higher, that
is, it lies between a sech and an exponential (Section 2.3.2). Thus, a multi-component stellar
disk with observed parameters for the dwarfs and the giants cannot explain the steep light
distribution seen in galaxies. In contrast, the inclusion of gas in our model despite its small
mass fraction naturally results in the steep stellar profile as observed, as shown in Section

2.3.2.

This calculation also confirms that our assumption of a single-component stellar disk is

valid for the dynamical study, since the giants do not affect the dynamics of dwarfs.

Similarly, even in the coupled stars-gas case treated in our paper, the luminosity profile
of the giants at low z can be taken to trace that of main stellar-mass component, namely

the dwarfs.
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2.3.4 Model Surface Brightness vs. Height, 2

The luminosity density of stars in a particular colour-band is the directly observed quantity
in astronomy rather than mass density itself. But as the luminosity density in any colour-
band is taken to be a constant multiple of the stellar density function, we conclude that the
vertical luminosity distribution follows the same functional form as the corresponding mass
density distribution, and hence is characterized by the same value of the steepness index n.

We next obtain the surface brightness distribution of a typical edge-on galaxy like our
Milky Way as seen by an external observer by integrating the luminosity density function
along a line of sight. If the luminosity density at a galactocentric radius R, and vertical

distance z above the mid-plane is given by (see van der Kruit & Searle 1981 a)

L(R, z) = Losech®™(nz/2z.) exp(—R/h) (2.9)

where 'h’ is the disk scale length, then the surface brightness is given by:

I(R,z) = I(0,0)(R/h)K1(R/h)sech®™(nz/2z.) (2.10)

where 1(0,0)=2Loh and K; is the modified Bessel function. If I(R,z) is in units of Ly pc™2,

the surface brightness in units of magnitude arcsec™? is (Binney & Merrifield 1998):

(R, 2) = —2.51log,o(I/Lopc™?) + Mg + 21.572 (2.11)

Here M, denotes the absolute solar magnitude in the chosen colour-band. For the K-band,

M= 3.33 (Cox 2000), and the above formula reduces to

(R, 2) = —2.51log,o(I/Lopc™?) + 24.902 (2.12)

Our Galaxy is known to have an exponential disk (e.g., Mera et al. 1998) with an exponential
luminosity profile as given in equation (2.9), from this we obtain the surface-brightness
profiles in K-band at a given radius as follows. The stellar density value at each z (in units

3

of Mgpce™ ) at a given R obtained from our numerical analysis is divided by Mg/ Lg of 1

to obtain the corresponding luminosity density in the K-band in units of Lopc™. This ratio
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of mass-to-luminosity is obtained using the K-band disk luminosity from Kent et al. (1991)
and the disk mass from Binney & Tremaine (1987), and is in agreement with the study based
on a large number of galaxies (Bell & de Jong 2001) which has shown the typical value of
this ratio to be ~ 0.5 with a scatter of a few around it. Then using eqgs. (2.10) and (2.11),
we obtain the surface-brightness distribution at a given radius. In Fig. 2.7, we plot the
model surface-brightness distribution in the K-band calculated at different radii, treating
the Milky Way Galaxy as an edge-on system as seen by an external observer. These curves
are strikingly similar to the observed profiles for external edge-on galaxies (see Fig. 3 from

Barteldrees & Dettmar 1994; and Fig. 5 from de Grijs et al. 1997).

2.4 Discussion

1. We have assumed the stellar disk to be isothermal for simplicity as is the standard practice
in the study of the vertical structure of galactic disks (e.g., Spitzer 1942, Bahcall 1984). The
stellar velocity dispersion increases due to secular heating by tidal interactions and molecular
clouds (e.g., Binney & Tremaine 1987). Despite this the resulting stellar vertical velocity
dispersion is shown to be constant with height (Jenkins & Binney 1990, Jenkins 1992), hence
the isothermal assumption made is robust.

2. The model developed here is general, and since the gas velocity dispersion in external
galaxies is universally much smaller than the stellar dispersion (see e.g., Lewis 1984, Wilson
& Scoville 1990), the analysis in this paper can be applied to other galaxies as well. We
predict that the late-type galaxies being gas-rich will show steeper stellar profiles (higher n
or lower 2/n values) than the early type galaxies, for the same range of radial range. This

could be checked with future observations.

2.5 Conclusions

It is well-established that the vertical distribution of stars in galactic disks is observed to be
steeper than the sech? profile expected from a one-component, isothermal case, especially

closer to the galactic mid-plane. In this paper, we provide a simple, physical origin for this:
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we show that on taking account of the gas gravity, the resulting stellar vertical profile even
under the isothermal assumption, is steeper than the sech? function. The resulting profile
is calculated for our Galaxy using a three-component model of a galactic disk consisting of
gravitationally coupled stars and gas, and is shown to be steeper than sech? and lies between
the sech profile and an exponential profile, in agreement with observations of galaxies. The
higher the gas surface density, the steeper is the resulting stellar vertical profile, asymptoti-
cally approaching the exponential curve. Due to the lower velocity of gas it is concentrated
close to the mid-plane, this crucial feature results in the steepening of the stellar profile. We
also show that the observed steep stellar profiles cannot be explained by a superposition of

several stellar components, as has sometimes been proposed qualitatively in the literature.



42

The origin of steep vertical stellar distribution in the Galactic disk




References

Aoki, T.E., Hiromoto, N., Takami, H., Okamura, S. 1991, PASJ, 43, 755

Bahcall, J.N. 1984, ApJ, 276, 169

Barnaby, D., Thronson, H. A., Jr.;1992, AJ, 103, 41

Barteldrees, A., Dettmar, R.-J., 1994, A & A S, 103, 475

Bell, E.F., de Jong, R.S. 2001, ApJ, 550, 212

Binney, J., Merrifield, M., 1998, Galactic Astronomy. Princeton Univ. Press, Princeton,
NJ

Binney, J., Tremaine, S., 1987, Galactic Dynamics. Princeton Univ. Press, Princeton,
NJ

Burkert, A., Yoshii, Y., 1996, MNRAS, 282, 1349

Clemens, D.P., 1985, ApJ, 295, 422

Cox, A.N., Ed. 2000, Astrophysical Quantities, Springer, New York

de Grijs, R., Peletier, R.F., van der Kruit,P.C., 1997, A&A, 327, 966

de Grijs, R., van der Kruit, P.C.; 1996, A&A S, 117, 19

Gilmore, G., Reid, N., 1983, MNRAS, 202, 1025

Gould, A., Bahcall, J.N., Flynn, C., 1996, ApJ, 465, 759

Holmberg, J., Flynn, C. 2004, MNRAS, 352, 440

Jenkins, A., 1992, MNRAS, 257, 620

Jenkins, A., Binney, J.J., 1990, MNRAS, 245, 305

Jog, C.J., Narayan, C.A. 2001, MNRAS, 327, 1021

43



44

References

Kent, S.M., Dame, T.M., Fazio, G., 1991, ApJ, 378, 131

Lewis, B.M. 1984, ApJ, 285, L.453

Lewis, J.R., Freeman, K.C., 1989, AJ, 97, 139

Mera, D., Chabrier, G., Schaeffer, R., 1998, A&A, 330, 953

Mihalas, D., & Binney, J. 1981, Galactic Astronomy. Freeman, San Fransisco
Narayan, C.A., Jog, C.J., 2002 a, A&A, 390, L35

Narayan, C.A., Jog, C.J., 2002 b, A&A, 394, 89

Pritchet, C., 1983, AJ, 88, 1476

Rice, W., Merrill, K.A., Gatley, 1., Gillett, F.C., 1996, AJ, 112, 114

Rohlfs, K. 1977, Lectures on Density Wave Theory. Springer-Verlag, Berlin
Scoville, N.Z., Sanders, D.B., 1987, in Interstellar Processes, eds.
D.J.Hollenbach,H.A.Thronson. Reidel, Dordrecht, p. 21

Spitzer, L., 1942, ApJ, 95, 329

Spitzer, L., 1978, Physical processes in the Interstellar Medium. John Wiley, New York
Stark, A.A., 1984, ApJ, 281, 624

van der Kruit, P.C., 1988, A&A, 192, 117

van der Kruit, P.C., Searle, L., 1981a, A&A, 95, 105

van der Kruit, P.C., Searle, L., 1981b, A&A, 95, 116

van Dokkum, P.G, Peletier, R.F, de Grijis, R., Balcells, M. 1994, A&A, 286, 415
Wainscoat, R.J., Freeman, K.C., Hyland, A.R., 1989, ApJ, 337, 163

Wilson, C.D., & Scoville, N.Z. 1990, ApJ, 363, 435



Theoretical determination of HI vertical scale
heights in the dwart galaxies: DDO 154, HoIl,
[C2574 & NGC 2366 2

Abstract

In this paper, we model dwarf galaxies as a two—component system of gravitationally coupled
stars and atomic hydrogen gas in the external force field of a pseudo—isothermal dark matter
halo, and numerically obtain the radial distribution of HI vertical scale heights. This is

done for a group of four dwarf galaxies (DDO 154, HoII, IC 2574 and NGC 2366) for which

2Banerjee et al. 2011, MNRAS, 415, 687
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most necessary input parameters are available from observations. The formulation of the

equations takes into account the rising rotation curves generally observed in dwarf galaxies.
The inclusion of self—gravity of the gas into the model at par with that of the stars results in
scale heights that are smaller than what was obtained by previous authors. This is important
as the gas scale height is often used for deriving other physical quantities. The inclusion of
gas self—gravity is particularly relevant in the case of dwarf galaxies where the gas cannot be
considered a minor perturbation to the mass distribution of the stars. We find that three out
of four galaxies studied show a flaring of their HI disks with increasing radius, by a factor of
a few within several disk scale lengths. The fourth galaxy has a thick HI disk throughout.
This flaring arises as a result of the gas velocity dispersion remaining constant or decreasing

only slightly while the disk mass distribution declines exponentially as a function of radius.

3.1 Introduction

In this paper we address the vertical distribution of neutral atomic hydrogen HI in four dwarf
irregular (dIrr) galaxies that are part of THINGS (The HI Nearby Galaxy Survey; (Walter et
al. 2008)). These objects occupy the low mass, low luminosity tail of the galaxy luminosity
function. They have accordingly low metallicities, in agreement with the finding that star
formation in these systems occurs episodically, in bursts, with long periods during which
apparently little star formation is taking place. Contrary to larger spiral galaxies, where
stars dominate, in dwarf galaxies stars and HI make up the baryonic mass content on an
equal footing, with little or no Hy being traced through CO observations (Tacconi & Young
1997; Taylor, Kobulnicky, & Skillman 1998). The jury is still out on the relation of CO
to Hy in low—metallicity, low—mass environments encountered in dwarf galaxies, although it
seems clear that a low CO signal does not necessarily mean a correspondingly low H, mass
(Wilson 1995, Bolatto et al. 2008, Leroy et al. 2009). Their low metallicity and the fact
that a large fraction of their gas has not yet been turned into stars is often used to argue
that dwarf galaxies, within the paradigm of hierarchical galaxy formation, then must be
broadly similar to the building blocks at high redshift that eventually formed today’s larger

galaxies. In accordance with models of hierarchical structure formation dwarf galaxies are
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dark matter dominated, something which is borne out by observations (Carignan & Freeman
1988; Ashman 1992; Oh et al. 2010). They constitute the largest number of galaxies in the

present day observable universe (Mateo 1998).

Brinks, Walter, & Ott (2002) postulated that the gas scale height in dlrrs was larger,
both in absolute as well as relative sense, than in larger, spiral galaxies. This has several
implications, especially if indeed nearby dlrrs are broadly similar to those found at large
look—back times. For example, their cross section for intercepting distant QSOs, giving rise
to damped Lyman—« signatures, will be much larger. Also, a thicker gas layer will tend to
allow HI shells and bubbles to grow to larger diameters, preventing early break—out and thus

reducing the likelihood that metals pollute the intergalactic medium.

The vertical stellar distribution has been extensively studied observationally (see for a
review, van der Kruit 1988). The fact that the stellar distribution shows a moderate flaring
at large radii was shown observationally by de Grijs, Peletier & van der Kruit (1997), and
predicted from a general self-consistent model by Narayan & Jog (2002a). In broad terms,
the observed constant velocity dispersion of the gas combined with a decreasing mass surface
density (as traced by the exponential decline of the stellar light distribution) predicts a flaring
HI layer. Early direct observations of this flaring were made in the Milky Way (Henderson,
Jackson, & Kerr 1982) and M 31 (Brinks & Burton 1984).

Observing the HI gas scale height directly is difficult, even for a perfectly edge—on galaxy,
due to effects such as line—of-sight integration, beam smearing and optical depth effects as
was already pointed out by Sancisi & Allen (1979). More recent observations of the Milky
Way are given by Wouterloot et al. (1990) and Levine, Blitz, & Heiles (2006), (see also
Kalberla & Kerp 2009), and for M31 by Braun (1991). Some other systems whose scale
heights have been measured are NGC 3198 and NGC 2403 (Sicking 1997). No serious
attempt has been made to date to investigate the vertical stellar and gas distributions in
dIrrs. As discussed by Brinks, Walter, & Ott (2002), because their observed HI velocity
dispersion is not very different from that observed in spirals, but their mass surface density
is considerably lower, dIrrs must have a larger scale height in HI as compared to spiral

galaxies in an absolute sense.
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The origin of flaring of the gas layer in spiral galaxies has been treated recently in a
self-consistently manner by Narayan & Jog (2002b), who produced a numerical model of
the vertical scale heights of the gas and stars in a gravitationally—coupled, three-component
Galactic disk. In this paper, we extend this earlier work on the vertical stellar and gas
distribution in spirals to dwarf galaxies, and determine the scale height of the gas as a
function of radius analytically. We model the galaxy as a gravitationally coupled system of
stars and gas subjected to the external force field of a dark matter halo, and use the model
to obtain the HI vertical scale height as a function of galactocentric radius for four dwarf
galaxies. In earlier papers we had assumed a flat rotation curve (Narayan & Jog 2002b,
Narayan, Saha & Jog 2005). This approximation is not warranted for dwarf galaxies which
show a steadily rising rotation curve throughout most of their disk. Instead we explicitly
take account here of a rising rotation curve, and show that the originally two—dimensional
partial differential equations can still be written as one—-dimensional or ordinary differential
equations, as in the case for the giant spiral galaxies which have flat rotation curves.

We will concentrate in this paper on the properties of the bulk of the gas and therefore
ignore the contribution by the ~ 10 percent of extra—planar gas found by Fraternali and
collaborators ( Fraternali & Binney 2008, Marasco & Fraternali 2011), most of which seems
to be related to energy input from supernovae into the interstellar medium. We describe our
methodology in Sections 3.2 and 3.3, justify the values for the input parameters to the model
for the four galaxies studied here in Section 3.4, and present our results and discussion in

Section 3.5.

3.2 Model

3.2.1 Gravitationally—coupled, two—component, galactic disk model

We use a two—component galactic disk model of gravitationally—coupled stars and HI gas
subjected to the external force—field of a dark matter halo with a pseudo—isothermal density
profile. In this model, the stars and gas are assumed to be present in the form of concentric,

thin, axisymmetric disks embedded within each other (See Narayan & Jog 2002b, Banerjee
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& Jog 2007).

The joint Poisson equation in cylindrical co-ordinates for an axisymmetric system of stars

and gas is given by:

10 8¢t0tal a2¢total =

—— (R =4n(G i 3.1

R&R( oR ) 022 W(;;p+p“ (3:1)
where ¢4 is the net potential of the disk due to the stars, the HI gas and the dark matter

halo, p; with ¢ = 1 to 2 denotes the mass volume density for each of the disk components

(stars, gas) while p;, denotes the same for the halo, and is given by de Zeeuw & Pfenniger

(1988):

P
R2+22
1+ 2

pr(R, 2) = (3.2)

where pg is the central core density of the halo, and R, is the core radius, as applicable
for a pseudo-isothermal density distribution. One may note here that since dwarf galaxies
have rotation curves that are generally rising out to the last measured point (Salucci et al.
2007), the radial term in equation (3.1) cannot be ignored as in the case for large spirals
with almost flat rotation curves (Narayan et al. 2005, Banerjee & Jog 2008).

The equation of hydrostatic equilibrium for the ¥ disk component in the z direction is

given by Rohlfs (1977):

0 2 aqbtot‘al o
&(pi<vz>i)+pi 9% =0 (3.3)

where < v? >; is the mean square velocity of the i*" disk component. Equation (3.3)
constitutes two equations, one each for the density of each of the two disk components. In
order to obtain the vertical density distribution and hence the scale height of HI at each R,
one needs to solve equation (3.1) and the set of two equations given by equation 3.3 jointly,
which together constitute a set of three coupled differential equations in the variables p; and
Oiotar in two dimensions R, z. Even if all the initial conditions are known, obtaining a rigorous
solution of the above equations is going to be extremely complicated and computationally

expensive. Thus we look for suitable approximations to simplify the problem.
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3.2.2 Approximations

Combining equation (3.1) and (3.3) and assuming isothermal condition for each of the two

disk components we get:

o |1 0p; = 10 ODrotal

2y T 29 prG ; - (| g2 3.4

g |5 92] = O ) + i (75 (3.0
Now, we replace the radial derivative term by its approximate value by utilising our

knowledge of the shape of the observed rotation curve, which will effectively reduce the

above equation to a one dimensional problem along the z direction, as follows:

8¢total o 2
(n% )RZ—<wm>Rﬂ 35

where (Vo) r. 18 the intrinsic rotational velocity at any R,z. However, we do not a
priori know (v..t)r. as a function of z at a given R. However, at each R, the observed
rotation curve gives the intensity-weighted average of (v,.t)r . along the vertical direction.
We approximate the value of (v,,t)r. at each z by the commonly used intensity-weighted
average velocity, i.e., the rotational velocity given by the observed rotation curve. As a result

of this approximation, equation (3.4) reduces to

o [10p 2 19
2y 2 |22 = E : , - Y 2
<UZ>28Z |:p7, aZ:| 47TG( — pl + ph) + R@R (UTOt (R))Obs (36)

The last term on the r.h.s now becomes a function of R only, and can be easily determined
from the gradient of the observed rotation curve. We note that the presence of the last term
on the r.h.s dilutes the effect of the net local mass density as far as the downward gravitational
pull is concerned. Simple calculations show that in the rising part of the rotation curve the
value of the term is of the same order of magnitude, but entering with opposite sign, as that
of the net local gravity which results in a more puffed—up gas distribution and hence a larger
value for the gas scale height.

We further stress that in solving equation (3.6), we have used the dark matter core density
(pr) and the last term involving the gradient of the rotational velocity, both of which have

been obtained from the observed rotation curve. While the latter has been determined
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directly from the observed curve, p, was estimated after subtracting the disk contribution

to the rotational velocity based on the calculated mass model of the disk (see Section 3.4).

3.3 Numerical calculations

The two coupled, second—order, ordinary differential equations given by equation (3.6) are
solved numerically using the Fourth order Runge-Kutta Method of integration in an iterative
fashion (See Narayan & Jog 2002b, Banerjee & Jog 2007). Since each of the two equations
is a second-order differential equation, we need to state the following two initial conditions

at the mid-plane (i.e., z = 0) for each component for solving the equations:

dp;
dz

pi = (po)i =0 (3.7)

However, the modified mid—plane density (pg); for each component is not known a priori.
Instead the net surface density 3;(R), given by twice the area under the curve of p;(z) versus
z, known observationally, is used as a secondary boundary condition. The required value of

(pi)o is then determined by trial and error, and eventually the p;(z) distribution is fixed.

3.4 Input Parameters

As mentioned above, we have to provide as inputs the surface density ¥;(R) and the vertical
velocity dispersion (o,), =< (v2); >/ of each of the two components (stars and HI) in order
to solve equation (3.6) at a given radius R, in addition to the observed rotation curve of the
galaxy. Most of the input was taken from the compilation of THINGS (Walter et al. 2008)
papers. The stellar surface densities X, (R) are taken from Leroy et al. (2008) for all dwarfs
except NGC 2366 which is based on Oh et al. (2008). Since a direct measurement of the

*

*) is not available, it is calculated (as described in Appendix

velocity dispersion of stars (o
B of Leroy et al. (2008) based on the scale length of the disk Rp and the surface density of
the stars 3, (R). This assumes a stellar disk in vertical hydrostatic equilibrium, neglecting

gas gravity and thus slightly underestimates the stellar velocity dispersion. However, the
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response of the gas to the net galactic potential is governed by the value of its own velocity
dispersion (see equation (3.6)), and so a small change in the vertical density distribution
of the stellar component can change the calculated gas scale heights but marginally. The
exponential stellar disk scale lengths R are again from Leroy et al. (2008). We furthermore
need the scale height of the stars (h.) in order to calculate the volume density, (pg).. We
used h, = Rp/7.3 and an average flattening ratio (Kregel, van der Kruit, & de Grijs 2002).

We derived the HI surface density Yuyr) and adopted a constant velocity dispersion
(cH7T) based on maps from Walter et al. (2008). The resulting HI scale height depends
strongly on the assumed value of the vertical velocity dispersion oI which lies between 7
— 9 kms™!. Our calculations show that a change in the value of the assumed HI velocity
dispersion by 1 kms™ (or approximately 10 percent) changes the HI scale height by 14-15
percent. Therefore, the accuracy of the determined HI scale height depends on the accuracy
with which ¢! can be determined. Tamburro et al. (2009), using the same THINGS data,
published a more complete analysis of the velocity dispersions. Most galaxies show a gradual
fall in HI velocity dispersion with radius, ~ a few km s~! per unit of Res. In addition to
assuming a constant value, we use a smoothly falling velocity dispersion to model those two

galaxies of our sample, Holl and IC 2574, for which this more complete velocity dispersion

information is available (Tamburro et al. 2009).

The dark matter central core densities py and core radii R, are taken from de Blok et al.
(2008) except for HoIl where we used values from Bureau & Carignan (2002). These are
determined from the observed rotation curves assuming rotational equilibrium, and a dark
matter distribution modelled as a pseudo—isothermal halo. The observed rotation curves are
taken from de Blok et al. (2008) for DDO 154 and NGC 2366, from Oh et al. (2008) for
IC 2574 and from Bureau & Carignan (2002) for HoIl. Key parameters used as input are
listed in Table 3.1. We note here that de Blok et al. (2008) estimated the disk contribution to
the rotation curve by employing mass models for the stellar and the gaseous disks. This was
subtracted from the observed rotation curve to obtain the contribution of the dark matter
halo from which its core density and core radius are derived. The mass model of the disk

is well constrained and allows for small variations in its parameters only that in turn may
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result in small changes in the deduced halo parameters; the effect on the gas scale height

will be minimal.

The essence of the radial mass distribution of the galaxy is effectively captured in the
rotation curves. Dwarf galaxies in general have a rising rotation curve, i.e., the rotation
velocity of these low-luminosity galaxies increases steadily with radius as far as 3-4 Rp
(Salucci et al. 2007), unlike spiral galaxies which sport flat rotation curves. We further note
that in our previous work, we had modelled the observed gas scale height data to obtain the
best—fit halo parameters, as was done for the Galaxy (Narayan et al. 2005), M31 (Banerjee
& Jog 2008) and UGC 7321 (Banerjee, Matthews & Jog 2010). Here the inverse approach
is used, namely the observed rotation curve data is modelled to obtain the dark matter
halo parameters and then the resulting HI vertical scale height distribution is derived. This
approach is valid as long as the halo profile can be approximated by a pseudo—isothermal

sphere.

3.5 Results and Discussion

We present in the top four panels of Figure 3.1 the resulting HI scale height versus radius for
DDO 154, HoII, IC 2574 and NGC 2366, assuming for each galaxy the constant HI velocity
dispersion as given in Table 3.1. For each galaxy, the scale height calculations were done
twice: first by neglecting the radial term in the Poisson equation, mimicking the approach
used for spiral galaxies (Narayan & Jog 2002b, Banerjee & Jog 2007), and a second time
including the radial term. The two results differ from each other by about 10-20 percent,
indicating that the exact shape of the rotation curve only enters as a small, systematic
correction. As mentioned above, the effect of the radial term is to somewhat counteract net
local gravity, resulting in a larger value for the gas scale height.

The individual data points follow, with some dispersion, a smooth increase with growing
radius. Most of this dispersion is due to radial variations in the input parameters and
associated uncertainties, such as when calculating the derivative of the rotation curve. The

combined effect of these uncertainties is of the order of 100 pc.
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TABLE 3.1: Input parameters of the different galaxies.

Galaxy ¥,(0) Rp Ry o Po R,
Mope? kpe kpe kms™! Mg pe™®  kpe

DDO154 5.7 0.8 122 8 0.028 1.34

Holl 27.8 1.2 326 1)7 0.009 10.0

ii)14. - 0.9IR if R < 3.3
9.9 - 0.76(R - 3.3) otherwise
1C 2574 24.6 21 753 )7 0.004 7.23
ii)10.8 if R < 6.4
10.8 - 0.95(R - 6.44) otherwise
NGC2366 10.5 0.5 218 9 0.035 1.36

A parameter which has a more substantial influence on the result is the velocity disper-
sion, and its dependence on radius. The two bottom panels of Figure 3.1 show for two of
the galaxies, Ho Il and IC 2574, the effect of using a gradually declining velocity dispersion
rather than a constant value. The rapid increase in HI scale height for IC 2574 becomes
less pronounced as a result of the higher velocity dispersion near the centre, increasing the
gas scale height there by about a factor of two, and a lower velocity dispersion near the
last measured point, resulting in a relative increase across the gas disk of about a factor
of two, rather than a factor of three earlier. The effect is even more pronounced for Ho Il
where we find an almost constant, but thick HI disk throughout. This exercise illustrates
the extent to which the resulting scale heights depend on accurate determinations of the

velocity dispersion.

In the remainder of this paper, we will use for all galaxies the theoretical solution to the
gas scale height while taking the radial term in the Poisson equation into account. In the
case of Ho IT and IC 2574 we take the solution for the gradually decreasing velocity dispersion
of the gas. Figure 3.2 then shows a pair of plots comparing the HI scale height distribution

as a function of normalised radius.
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FIGURE 3.1: HI scale height (HWHM) versus R for the four galaxies analysed here, with and
without taking into account the effect of the radial term in the Poisson equation (see legend in each
of the panels). The drawn lines are exponential fits to the calculated scale heights. The top four
panels show our calculations, assuming for each galaxy a constant velocity dispersion as a function
of radius. As explained in the text, the inclusion of the radial term in the Poisson equation which

takes care of the rising rotation curve, results in a slightly larger scale height in general.

The

two bottom panels show the inferred HI scale height for Ho Il and IC 2574 when using a gradually
decreasing velocity dispersion instead (see text for details).
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TABLE 3.2: Ry, (denoting the outermost extent of the HI disk) and Rsy (the radius where the
disk surface density falls to 4 My pc=2) for the different galaxies

Galaxy Rae™  Rasa

kpc kpc
DDO 154 6.8 3.3
Holl 6.8 6.2
IC 2574 9.3 9.3
NGC 2366 6.8 5.0

*The Ryqq values have been taken from Bagetakos et al. (2011).

We use two normalisations, the first one by maximum radial extent of the HI disk, R .y
(taken from Bagetakos et al. 2011). We also normalise by Ry, which corresponds to the
radius where the mass surface density drops below 4 M pc™2. The Ry.x and the Ry values

for the different galaxies have been listed in Table 3.2.

We note that, with the exception of Holl which has a thick gas disk throughout, the
dwarfs all show HI flaring. The rate of flaring is highest in NGC 2366 and DDO 154 which
can be ascribed to these two galaxies having a more centrally concentrated dark matter halo

than the other two systems.

Figure 3.3 presents a collection of plots of the logarithm of the scale height versus radius,
showing a near exponential behaviour, i.e. a linear slope, in each case. The curves for
DDO 154 and 1C 2574 display a break, necessitating two different slopes across two radial
regimes, i.e., the gas scale height increases exponentially with radius with different scale
lengths across the two regimes. It is interesting to compare this figure with Figure 3.4 which
shows the disk surface density of gas and stars combined versus radius. Knees in the graphs
of DDO 154 and IC 2574 occur at the same radius as the breaks in the exponential curves
in Fig 3.3, confirming that the gas scale height depends strongly on the radial disk surface
density distribution.

This should make us pause for a moment as in the adopted radial surface density distri-

bution distribution we have ignored any contribution by molecular gas. In the introduction
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FIGURE 3.2: Plots showing the HI scale height (HWHM) versus normalised radius (R/Rmax
left-hand panel; R/Rsq right—hand panel) for the galaxies, taking into account the effect of the
radial term in the Poisson equation and for Ho IT and IC 2574 using the radially decreasing velocity
dispersion for the gas. Normalisation by Rpax is with respect to the outermost extent of the HI
disk (from Bagetakos et al. 2011), whereas normalisation by Ry is the radius where the mass
surface density of gas plus stars reaches 4 M pc—2. For clarity, rather than the individual radial
values, the exponential fits to the analytical solution are shown.

we mentioned that dIrr galaxies are deficient in CO which is used as a proxy to trace molec-
ular gas. In fact, in galaxies with metallicities below [12 + log O/H] < 7.5 no CO emission
has been detected (Taylor et al. 1998). We also mentioned in the introduction that a lack
of CO does not necessarily imply a lack of molecular gas. If present, this molecular gas
likely follows the stellar light distribution (Young et al. 1995, Bigiel et al. 2008, Leroy et
al. 2009). Its effects on the flaring HI beyond the stellar disks of the dwarfs will therefore
be negligible. In the inner parts the molecular gas, if present, will contribute to the mass

density, effectively reducing the scale height locally.

Despite some modest potential adjustment at small radii due to a likely contribution of
molecular gas to the mass density, and the inherent uncertainty in the measured parameters
used as input to our analytical model, the main conclusion from this work is our confirmation
of the flaring of HI in dwarf galaxies. We also confirm the prediction by Brinks et al. (2002)
that the scale height in dwarfs is larger in absolute measure than in spiral galaxies. In dlrrs,
we find scale heights from 200-400pc in the inner regions to 600-1000 pc out to the last

measured point.
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F1GUurE 3.3: Plots of logarithm of the HI scale height versus radius, showing the scale height
increases exponentially with radius for all the galaxies, but in some objects with a different scale
length over different radial ranges (DDO 154, and to a lesser extent IC 2574).

Measuring the HI scale height in dwarf galaxies directly is fraught with difficulties, even
in the relatively ideal case of an edge—on dIrr. The projected HI distribution on the sky is
a combination of a flaring gas layer seen edge—on and a possible warp. It becomes a non—
trivial task to extract the intrinsic gas density and scale height distribution (Olling 1995,
1996; Warmels 1988; Roychowdhury et al. 2010). In the case of more face—on dwarfs, a
break in the spectral correlation function can be used to infer the scale height of the gas
(Elmegreen, Kim & Staveley-Smith 2001,Padoan et al. 2001) but although this has been

shown to work in principle in the LMC, this method requires high spatial resolution, high
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FIGURE 3.4: Plots of the disk surface density (stars plus gas) versus radius for all galaxies.
Comparison with Figure 3.3 confirms that for each galaxy, disk surface density plays a major role
in regulating the gas scale height distribution.

sensitivity data which is beyond what can routinely be obtained with current instruments.

As an independent check on our results, we compared the derived radial distribution of
the HI scale height with the size distribution of type 3 HI holes, i.e., roughly spherical cavities
in the HI layer created by the combined effects of stellar winds and supernovae in young
stellar associations (See for details Bagetakos et al. 2011). These structures are expanding
and eventually their radius can exceed the thickness of the layer they find themselves in, at
which moment they would be classified as a type 2 or type 1 hole, a type 1 hole corresponding

to a complete blow—out. The maximum size of the type 3 holes encountered is therefore a
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lower limit on the local thickness of the gas layer. A comparison of the size distribution of
HI holes in the four sample galaxies reveals that of the 20 type 3 holes all of them have radii
that are in agreement with them being still fully contained within the gas layer. We note
that if we were to adopt for Ho II and IC 2574 the models with constant velocity dispersion,
2 out of 8 holes would exceed the thickness of the gas layer in Ho Il and 1 out of 5 in 1C 2574,

lending confidence to our approach and choice of input parameters.

In addition to the uncertainties in the input parameters and how they propagate, we
made a couple of assumptions that should be mentioned here. In our approach, the stellar
scale height is assumed to be constant in order to obtain the vertical dispersion (Sect. 3.4);
the latter is used as input parameter in our model. Conversely, if the observed values for the
stellar dispersion were known, we could obtain the resulting stellar scale height distribution
ab initio. For spiral galaxies, the stellar scale height is shown to flare by a factor of 2-3
within the optical radius (Narayan & Jog 2002a) as was also shown observationally by de
Grijs et al. (1997).

Also, the error incurred in replacing (vy.) r. at each z by (Urot )obs, Which is higher in
general, as per the approximations made in Sect. 3.2.2, results in a slight overestimation
of the scale height. However, the error can not be more than a few percent as the effect of
including the radial term itself is found to be less than ten percent and observations have

shown that (v, )ps R,z varies by ten percent or so along z (Kamphuis 1993).

In our analysis we assumed a pseudo—isothermal halo. In principle, if the HI scale height
can be determined reliably in an independent manner, our method could be expanded to

include as free parameter the flattening of the dark matter halo.

Finally, in Figure 3.5 we show a composite plot for the radial distribution of the mid—
plane gas volume density for the four galaxies based on the exponential fits to the relations
in Fig. 3.1. For reference, a volume density of 0.01 Mg, pc= corresponds to 0.4 H-atom cm 3.
The flaring of gas results in a lower mid—plane density. It would be interesting to investigate
if this decrease in volume density explains the low star formation efficiency, a topic that will

be dealt with as part of the LITTLE THINGS project (See for a description of LITTLE
THINGS, Hunter et al. 2011).
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FIGURE 3.5: A composite plot depicting the radial distribution of the mid—plane gas volume
density for all galaxies.

3.6 Conclusions

In this paper we derive the HI scale height as a function of radius for a group of four dwarf
galaxies. We use a two—component model of gravitationally—coupled stars and gas in the
force field of a dark matter halo to obtain the HI scale height. We extended our earlier
analysis by explicitly addressing the issue of the rising rotation curve of dwarf galaxies. Our
approach gives more realistic results than earlier models in which the self-gravity of the gas
was ignored. This is especially relevant for dwarf galaxies where stars and gas dominate the
disk gravity, roughly at par with each other. We find that HoII has a thick HI disk through-
out; the other three dwarf galaxies studied in this paper show flaring HI as a function of
radius. Moreover, the overall HI scale height of dwarfs is larger than in spiral galaxies. This
is due to a combination of a lower mass density in dwarf disks as a function of radius for the
same velocity dispersion as encountered in larger spiral galaxies. The flaring of HI in the
outer galaxy (beyond R = 3 —4Rp ) is mainly controlled by the dark matter halo contribu-
tion to the net potential of the galaxy. The derived gas scale height is in agreement with the
size distribution of type 3 HI holes, i.e., roughly spherical, expanding cavities resulting from
the energy deposited by rapidly evolving young stars. This type of holes is still contained

within the gas layer and hence represents a lower limit to the gas scale height.
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The flattened dark matter halo of M31 as
deduced from the observed HI scale heights ?

Abstract

In this paper, we use the outer-galactic HI scale height data as well as the observed rotation
curve as constraints to determine the halo density distribution of the Andromeda galaxy
(M31). We model the galaxy as a gravitationally-coupled system of stars and gas, respond-
ing to the external force-field of a known Hernquist bulge and the dark matter halo, the
density profile of the latter being characterized by four free parameters. The parameter
space of the halo is optimized so as to match the observed HI thickness distribution as well

as the rotation curve on an equal footing, unlike the previous studies of M31 which were

3Banerjee & Jog 2008, ApJ, 685, 254
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based on rotation curves alone. We show that an oblate halo, with an isothermal density
profile, provides the best fit to the observed data. This gives a central density of 0.011 Mg
pc—3, a core radius of 21 kpc, and an axis ratio of 0.4. The main result from this work is the
flattened dark matter halo for M31, which is required to match the outer galactic HI scale
height data. Interestingly, such flattened halos lie at the most oblate end of the distribution

of halo shapes found in recent cosmological simulations.

4.1 Introduction

It is well-known that the dark matter halo plays an important role in the dynamics of
galaxies, especially in the outer regions (Binney & Tremaine 1987). Since a galactic disk
is rotationally supported, the rotation curve serves as a useful tracer of the gravitational
potential in the plane of the galaxy. The observed rotation curve is routinely used to deduce
the mass distribution in a galaxy and hence its dark matter content (e.g., Begeman 1987,
Kent 1986, 1987, Geehan et al. 2006). The thickness of the gas layer, on the other hand,
depends on the vertical gravitational force and traces the potential perpendicular to the
mid-plane (e.g., Narayan & Jog 2002 a). In this work, we use the rotation curve as well as
the radial distribution of the thickness of the HI gas layer in the outer galaxy to study the
shape and density profile of the dark matter halo in M31. In a disk plus bulge plus halo
model of an external galaxy, the disk and the bulge can be mostly studied observationally.
Therefore, the rotation curve and the vertical HI scale height data effectively complement
each other to determine the dark matter halo distribution of a galaxy uniquely.

In the past, the idea of studying the dark matter halo properties by using the outer
galactic HI flaring data has been used to explore the halos of NGC 4244 (Olling 1996), NGC
891 (Becquaert & Combes 1997), and the Galaxy (Olling & Merrifield 2000, 2001). However,
the HI scale height distribution was mainly used to constrain the oblateness of the halo, and
not its other parameters such as the power-law index. In some cases, the gas gravity and
even the stellar gravity was ignored (Becquaert & Combes 1997) in determining the net

galactic potential, and hence the gas scale height distribution.
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These issues were taken care of in determining the Galactic halo parameters by Narayan
et al (2005). Using the gravitationally-coupled, 3-component Galactic disk model (Narayan
& Jog 2002 b), various density profiles of the halo were investigated, and an attempt was
made to obtain the halo parameters, which provided the best fit (in the least square sense) to
the observed HI scale height distribution. Finally, conformity with the shape of the observed
rotation curve was used to remove the degeneracies in the best-fit values obtained by the
first constraint. Also, unlike some of the previous models, the self-gravity of the gas was
included in the analysis. From their study Narayan et al. (2005) concluded that a spherical
halo, with a density falling off more rapidly than an isothermal halo, provides the best fit to
the available data. This study was based on the HI scale height data then available up to 24
kpc from Wouterloot et al. (1990). Kalberla et al. (2007) have confirmed this by using their
recent extended HI scale height data up to 40 kpc, and have also included a dark matter
ring which they claim is needed to explain the observed HI scale height distribution in the
Galaxy.

In this paper, we apply the above approach to investigate the dark matter halo properties
of the Andromeda galaxy (M31 or NGC 224). Here we use both the rotation curve and the HI
scale height data as rigorous constraints simultaneously and scan the entire parameter space
systematically so as to obtain the best-fit halo parameters. In addition to the various density
profiles, we also try to fit various shapes of the halo which was not done by Narayan et al.
(2005). Earlier studies on M31 (Widrow et al. 2003, Widrow & Dubinski 2005, Geehan et al.
2006, Seigar et al. 2006, Tamm et al. 2007) were mostly aimed at developing a complete mass
model (disk plus bulge plus halo), based on comparisons made with the available structural
and kinematical data (surface brightness profiles, bulge-velocity dispersion relations, rotation
curves), which assumed a spherical-shaped halo. On the other hand, we have studied the

dark matter halo profile, and show it to be flattened.

In Section 4.2, we describe our model, and in Section 4.3 discuss the numerical calcula-
tions involved, and the input parameters used. In Section 4.4, we present the results and
analysis of the numerical results; followed by the discussion, and conclusions in Sections 4.5

and 4.6 respectively.
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4.2 Details of the model

4.2.1 Gravitationally coupled, 3-component, galactic disk model

A galaxy is modelled as a thick stellar disk, coplanar with the interstellar medium of atomic
and molecular hydrogen gas, all the three components being gravitationally coupled to each
other, and embedded in the dark matter halo (Narayan & Jog 2002 b). The bulge and the
dark matter halo are taken to be rigid and non-responsive, and act as external forces on
the 3-component disk system. Also, it is assumed that the components are in hydrostatic
equilibrium in the vertical direction. Therefore, the density distribution of each component
will be jointly determined by the Poisson equation, and the corresponding equation for
pressure equilibrium perpendicular to the mid-plane.

The Poisson equation for an axisymmetric galactic system in terms of the galactic cylin-

drical co-ordinates (R, ¢, z) is given by

a2(I)2Sotal 1 a (Raq)total)

3
92 ' ROR or )~ 4xG(> _ pi+ po + pn) (4.1)

=1

where p; with i = 1 to 3 denotes the mass density for each disk component. p, and p;, denote
the same for the halo and the bulge respectively. @, denotes the net potential due to the
disk, halo and the bulge. For a flat or gently-falling rotation curve, the radial term can be
neglected as its contribution to the determination of the HI scale height is less than 10 per-

cent as noted by earlier calculations (Narayan et al. 2005). So, the above equation reduces to

82 (I)total
0z

=47G(> _ pi+ po+ pn) (4.2)

i=1

The equation for hydrostatic equilibrium in the z direction is given by (Rohlfs 1977)

8 2 8<Dtotal o
5, (Pil(v2)i) +pi—p— =0 (4.3)

2

2)i) is the mean square random velocity along the z direction for the component

where ((v
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1. We further assume each component to be isothermal for simplicity, so that the velocity
term is constant with z.
Eliminating @y, between eq. (4.2) and eq. (4.3), and assuming an isothermal case, we

get

= —47TG(Z pi + py+ pr) (4.4)

i=1

pi 0z

(g | %]
which represents a set of three coupled, second-order differential equations, one for each
component of the disk. From the above equation, it is evident that though there is a
common gravitational potential, the response of each component will be different due to the

difference in their random velocity dispersions.

4.2.2 Bulge

We model the bulge of M31 as a spherically symmetric mass distribution represented by a
Hernquist profile (Hernquist 1990), where M, is the total mass of the bulge, and r, is its

core radius. The mass profile and density corresponding to this distribution are given by

Miige(R) = (rﬁ@zy (4.5)
and
M, 1
Pouige(FE) = (27r7"§’) (R/r)(L+ Bra)? (4.6)

respectively. Since M31 is an Sb type galaxy, the bulge contribution is important, and plays

a role in determining the rotation curve even in regions outside the bulge.

4.2.3 Dark Matter Halo

We use the four-parameter dark matter halo model (de Zeeuw & Pfenniger 1988; Becquaert

& Combes 1997) with the density profile given by
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p(R,z) = ﬁ (4.7)

R
where m?=R? + (2%/¢?), po is the central core density of the halo, R, is the core radius, p
is the density index, and ¢ is the vertical-to-planar axis ratio of the halo (spherical: ¢ = 1;

oblate: ¢ < 1; prolate: ¢ > 1).

4.3 Numerical Calculations

4.3.1 Solution of equations

For a given bulge and halo density profile, the equation to be solved to obtain the vertical
density distribution at any radius for any component (stars, HI & Hs) is given by eq.(4.4),

which simplifies to:

d?p; Di 1 (dp; 2
= —47G(ps + + + pp + + — 4.8
dz? ((v.2):) x1 (ps + prr  prs o+ )] Pi (dz) (48)

This represents three coupled, second-order, ordinary differential equations in ps, pgs
and pg, which denote the mass densities for stars, HI and Hy respectively. This problem is
solved in an iterative fashion, as an initial value problem, using fourth order, Runge-Kutta
method of integration, with the following two initial conditions at the mid-plane i.e z = 0

for each component:
dp;
dz

pi = (po)i, =0 (4.9)

However, the modified mid-plane density (pg); for each component is not known a priori.
Instead the net surface density ¥;(R), given by twice the area under curve of p;(z) versus
z, is used as the second boundary condition, since this is known observationally. Hence the
required value of (p;)o can be determined by trial and error method, which eventually fixes

the p;(z) distribution. We find that four iterations are adequate to give convergence with an
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accuracy to the second decimal point. For a three-component disk, the vertical distribution
is steeper than a sech? close to the mid-plane (Banerjee & Jog 2007) but at large z values
it is close to a sech? distribution. Here we use the HWHM (half width at half maximum) of
the resulting model vertical distribution to define the scale height as was done in Narayan

& Jog (2002 a, b).

4.3.2 Input Parameters for M31

The model described so far is general, now we apply it to M31. For that, we require the
surface density and the vertical velocity dispersion for each component to solve the coupled
set of equations at each radius. The observed values are used for the gas, whereas for the
bulge and the stellar component the values derived from the mass-model are used except for
the vertical dispersion velocity of the stars.

The radial distribution of the HI surface density is taken from Sofue & Kato (1981), while
the surface density for the Hy gas, being an order of magnitude smaller and confined to the
inner region (Koper 1993), was taken to be zero. The vertical dispersion velocity of the HI

! as given by the observations of a large sample of about

gas, (v,)ur, is taken to be 8 km s~
200 external galaxies (Lewis 1984).

For the stars, we assume an exponential disk with a central surface density of 460 Mg
pc™2, and an exponential disk scale length, Ry of 5.4 kpc after Geehan et al. (2006). The disk
scale length matches with the R-band scale length of Widrow et al. (2003), whereas Koper
(1993) gives a value of 5.1 kpc. Also, the maximum disk mass of 8 x 10'° My, predicted by
the Widrow et al. (2003) model sets the central disk surface density value to 440 M, pc™
for Ry = 5.4 kpc. So the difference between the values used in our work with other values
in the literature is of the order of a few percent.

The bulge is taken to have a Hernquist profile as described earlier, with a total mass M,
of 3.3 x 10'° M, and core radius r, of 0.61 kpc, as given by the same model (Geehan et al.
2006). Kerins et al. (2001) give a mass M, of 4 x 101° M, whereas Widrow et al. (2003)
give a mass of 2.5 x 10 M. As expected, the bulge becomes progressively less important

as we move radially outward in the galaxy, and so is not important in the determination of
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the rotation curve or the HI scale height in the outer parts, which is our region of interest.
However, it does affect the determination of the rotation curve in the intermediate range,
hence the bulge has to be included for a correct treatment of the problem.

The stellar radial velocity dispersion is assumed to fall off exponentially with a scale
length of 2 x R, as is observed in the Galaxy (Lewis & Freeman 1989), for M31 this gives
a value of 10.8 kpc. Also, the ratio of the vertical to the radial stellar velocity dispersion is
taken to be 0.5 at all radii, equal to its observed value in the solar neighbourhood (Binney
& Merrifield 1998). Based on these, the central value of 126 km s~ for the radial dispersion
is deduced from the observed value at 2 Ry for M31 by Tamm et al. (2007).

4.4 Results & analysis

4.4.1 Halo density profiles: The 3-D Grid

We scan the allowed values for the entire parameter space for the dark matter halo, to obtain
the best fits to the data for the rotation curve and the HI scale heights in the outer parts of
M31.

We vary the halo density index p between 1, 1.5 and 2. Here p = 1 corresponds to the
isothermal and p = 1.5 to the NFW (Navarro et al. 1996) halo density profile at large radii.
These two profiles are routinely used in galactic mass modelling and other studies. Narayan
et al.(2005) found that a steeper-than NFW profile (p = 2) best conforms with the HI scale
height data in the outer regions of our Galaxy, suggesting the evidence of finite-sized halos.
So, we study each of the above three cases individually. For each value of p, a realistic range
of po and R, for the spherical case is chosen to form a grid of {pg, R.} pairs. pg is varied
between 0.001 - 0.15 Mg, pc™3 in steps of 0.002 Mg, pc™3, and R, is varied between 1 - 35
kpc in steps of 0.5 kpc. At first, we use a spherical halo for simplicity. Although it gives the
correct rotation curve, it fails to match the outer galactic HI scale height data within the
error bars. Figure 4.1 shows that the outer galactic HI scale height distribution obtained by
using the best-fit values for a spherical isothermal halo (p=1) flares far above the observed

data, giving a poor fit. The same is found to be true for the other density profiles (p = 1.5
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FIGURE 4.1: Plot of the HI scale height (in pc) with the galactocentric radius (in kpc) for the
best-fit case for the spherical shape ( ¢ = 1) halo for the density law p=1 (isothermal). Clearly,
the model curve rises way above the observed distribution in the outer galaxy which is the region
of interest. Thus a spherical halo is ruled out.

and 2) as well.

This naturally called for the use of an oblate (flattened) halo. This is because the mid-
plane surface density increases with the flattening of the halo, thus resulting in a higher
vertical constraining force. The effect, as expected, is exactly the opposite in case of a
prolate halo. The latter would therefore give an even poorer fit than the spherical case, and
hence is not tried here. Therefore, in addition to the above parameters, the axis ratio ¢ is
varied as well between 0.1 and 0.9 in steps of 0.1. This gives a total of 47250 grid points
to be scanned for each value of p. We first thoroughly scan this grid to locate the region of
minimum x?.

In retrospect, Narayan et al. (2005) had pinned the rotation curve at a single point only
(i.e the solar point with R = 8.5 kpc) using the local Oort constants A and B, for which
the values are available for the Galaxy. This effectively fixed the rotation curve locally, with
respect to shape as well. Also, the global trends exhibited by the observed curve was used
as the final criterion to choose the best fit density index (p = 2). Here, on the other hand,
we apply a more rigorous treatment by pinning the rotation curve at all the observed points.

This, in fact, was imperative since the Oort A and B constants for M31 are not known.
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4.4.2 The rotation curve constraint

For each of the above grid points, we evaluate the galactic rotation curve using our (disk plus
bulge plus halo) model as follows. For an exponential disk, the rotation velocity vg;s(R) is

given by (Binney & Tremaine 1987)

Viiak(R) = 4nGEo Ry [Io(y) Ko(y) — Li(y) K1 (y)] (4.10)

where ¥ is the disk central surface density, Ry the disk scale length and y = R/2Ry, R being
the galactocentric radius. I, and K, (where n=0 and 1) are the modified Bessel functions of
the first and second kind respectively. The above relation is for an infinitesimally thin disk
which we use here for simplicity. For a thick disk, a separate result has to be used (as given
in Becquaert & Combes 1997) , which we check gives a value within < 1% of the value given
by eq.(4.10), hence we are justified in using the above simpler form.

For the spherical bulge, rotation velocity vpyge(R) is given by

G My (R
Vhige(R) = === &) (4.11)

where My ge(R), the mass enclosed within a sphere of radius R for a Hernquist bulge, is
given by the r.h.s. of equation (4.5).

For an oblate halo of axis ratio ¢ and density index p, the circular speed vy, is obtained
by differentiating the expression for the potential from Sackett & Sparke (1990), and Bec-
quaert & Combes (1997) to be:

1/q R2I2[1 + %]_p

U?Lalo(R) - 47TGqu/0 (1 T 621’2)2 dx (412)

where € = (1 — ¢?)!/2. We obtain the value of the integral numerically in each case. So, the
total rotation velocity v(R) at any galactic radius R is given by adding the contributions for

the three components in quadrature as:
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U2<R) - Uizsk(R) + Ul?ulge(R) + U?Lalo(R) (413)

Next we performed the x? analysis of the calculated distributions with respect to the observed
one for each of the p = 1, 1.5 and 2 cases. The galactic rotation curve for M31 is given by
Widrow et al. (2003), and Carignan et al. (2006). We choose the rotation curve from
Widrow et al. (2003) for our analysis following Geehan et al (2006) for reasons of internal
consistency as we have used the bulge and the stellar parameters from their mass model. We
find that the calculated rotation curves do not depend significantly on the shape of the halo,
i.e., q. Also, all the three density indices (p = 1, 1.5 and 2) give reasonably good fit to the
observed rotation curve, in that they lie well within the error bars of the observed curve in
the radial range of 2-30 kpc. However, in terms of x? analysis, p = 1 (the isothermal case)

is the most favoured.

4.4.3 The HI scale height constraint

Now, for each of the above three cases (p = 1, 1.5, 2), we considered only those grid points
for HI scale height determination, whose x? values were less than 11, which is the total
number of data points in the observed rotation curve. Elementary statistics suggests that
a model distribution can be taken to be a reasonably good fit if its x? value with respect
to the observed distribution is of the order of the number of data points in the observed
distribution (Bevington 1969). Also, for these given set of grid points, we have checked that
the rotation curve lies well within the error bars in the region of interest i.e the outer galactic
region. For p = 1, there were 3684 such grid points, 4910 for p = 1.5 and 5799 for p = 2.
For the set of grid points chosen above, we calculated the HI scale height in the outer
galactic region, i.e, beyond three disk scale lengths (R = 16.2 kpc) following the analysis
done for the Galaxy case (Narayan et al 2005), and obtained the x? with respect to the
observed scale height data (Braun 1991). The dark matter halo is expected to be more
important in the outer parts and hence the scale height values in this range are used as a

constraint to obtain the halo parameters.
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FIGURE 4.2: Plot of the rotation velocity (in km s=!) versus radius (in kpc) for the best-fit case
of an isothermal halo of oblate shape with an axis ratio ¢ = 0.4. Our model rotation curve matches
well with the observed data (Widrow et al. 2003) within the error bars.

4.4.4 Resulting Best-fit halo parameters

We find that a flattened, isothermal halo (p=1, ¢ = 0.4) with a small central density (0.011
Mg pc™?), and a core radius of 21 kpc provides the best fit to both the observed rotation
curve and the HI scale height data. The other density profiles (p = 1.5, and 2) give higher
values for the y? minimum and hence are not favoured, however, the dependence on the
power-law index p is weak. Interestingly these also give ¢ = 0.4 as the preferred shape and
the same central density but with a higher core radius of 27 kpc and 34 kpc respectively.
In Fig.4.2, we compare our best fit rotation curve with the observed one in the outer
regions although the fit was done over the entire radial range of 2-30 kpc (Section 4.4.2).
Similarly, Fig.4.3 depicts the best-fit scale height distribution in the outer disk region.
In Fig. 4.4, we compare the resulting scale height distributions for the various values of
g = 0.2 - 1 in steps 0.2, obtained using the best-fit values for p, and R, in each case. It
shows that although the y? analysis selects ¢ = 0.4 to be the best fit, a range of ¢ values
between 0.4 - 0.6 gives fits to the observed data within the error bars - but the departure of
the calculated distribution from the real data points increases with increasing q.
This is further illustrated in Figure 4.5, where we plot the y? value for the best-fit case

for each axis ratio vs. the axis ratio, ¢. The x? shows a clear minimum at ¢ =0.4 which is



4.4 Results & analysis 79

T T T T T T
500 * observed ]

—_ e calculated

U L]
— .

£ 400} . ]
o .

2 .

w L]

= 300} . e
© .

(&) °

K .

L]
T 200 ° e
L]
. . . . . .

16 18 20 22 24 26 28
Radius (kpc)

FIGURE 4.3: Plot of HI scale height (in pc) versus the radius (in kpc) for the best-fit case of an
isothermal halo of oblate shape with an axis ratio ¢ = 0.4. The flattened halo of our best-fit model
predicts a HI scale height distribution that agrees well with observations (Braun 1991) within the
error-bars.
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FIGURE 4.4: Plot of the HI scale height (in pc) versus radius (in kpc) for an isothermal density
profile and for different values of flattening: ¢ = 0.2, 0.4, 0.6 , 0.8 and 1, for the best-fit values of
po and R, in each case. This shows that a range of values between ¢ = 0.4 - 0.6 gives fits to the
observed data within the error bars, but the x? analysis identifies ¢ = 0.4 as the best-fit case.
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FIGURE 4.5: Plot of x? for the best-fit case for a given axis ratio versus the axis ratio, ¢, of the
dark matter halo. The x? shows a clear minimum at ¢ =0.4 which is thus the axis ratio that best
explains the observations. Note that a flattened halo (¢ = 0.4 ) is clearly distinguished from and
preferred over the spherical case (¢ = 1)

thus the axis ratio that best explains the observations. In particular, a flattened halo (¢ =
0.4 ) is clearly distinguished from and preferred over the spherical case (¢ = 1).
Interestingly, such flattened halos lie at the most oblate end of the distribution of halo
shapes obtained in recent A CDM cosmological simulations (e.g., Bailin & Steinmetz 2005,
see their Fig. 2; Bett et al. (2007), see their Fig. 13)- the axis ratio ¢ used in the present
paper is equal to the ratio of the semi-major axes ¢/a in these papers. Thus, either M31 is
an unusual galaxy, or the simulations need to include additional physics such as the effect
of baryons that could affect the shape of the halo. Further, a moderate variation in HI gas

dispersion results in a less flattened halo as shown in Section 4.5.3.

4.5 Discussion

1. HI Scale height data in outer disk: The HI scale hight constraint as applied in this
paper is ideally suited for application to gas-rich, late-type spiral galaxies with an extended
HI disk. In order to be useful as a constraint, the HI scale height data should be available
beyond 3 - 4 R, and even farther out in the galaxy. This is where the disk gravitational force

begins to drop out and the dark matter halo takes over. We note that obtaining the HI scale
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FIGURE 4.6: Plot of stellar, gaseous, bulge and halo surface densities within the HI scale height
in units of My pc™2 versus radius in kpe. It shows that the stellar surface density is comparable
to the halo surface density up to ~ 25 kpc, and only beyond this the halo starts to dominate the
disk surface density as we go outward in the galaxy

height data is an observationally challenging task (Sancisi & Allen 1979), and therein lies
the main difficulty in using this method. As far as our work is concerned, the observational
data (Braun 1991) gives only three data points beyond R = 3R;. We consider the region
only beyond R = 3R, following the Galaxy case (Narayan et al. 2005). Also, the irregularity
or the scatter in the observed data in the inner region suggests the presence of a bar or spiral
arm or some unknown structure, and is therefore excluded from the analysis.

In Fig.4.6 we illustrate the above point by plotting the halo surface density within the
HI scale height, as well as the corresponding values for the bulge, stars, and HI gas versus
the radius. For using the HI scale height constraint, the vertical force close to the galactic
mid-plane is needed, this is why the surface density of the halo within the HI scale height is
included. This figure shows that the halo surface density just begins to take over the stellar
density at the point beyond which we do not have any observed data. Availability of more
data points in the outer parts, with lower error-bars, is thus clearly desirable and would yield
a tighter constraint on the halo shape and the density profile.
2. Simultaneous constraints: The calculated rotation curve does not depend on the shape
of the halo (q). All the ¢ values give equally good fits to the observed data. Surprisingly,

the x? minima for the rotation curve and the HI scale height data, taken separately, lie on
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different regions of the grid. The best-fit to the rotation curve alone gives high values of
the central density and small values of core radius. The best-fit to the scale height data, on
the other hand, gives a lower central density and a larger core radius. Geehan et al. (2006)
obtained a best-fit py of 0.033 Mg, pc™® (somewhat higher than the value we get) and R.
of 8.2 kpc , probably because they had used the rotation curve as the only constraint. We,
on the other hand, have used two complementary constraints; the planar one involving the
rotation curve, and the vertical one involving the HI scale height. This allows us to uniquely
determine the physical parameters of the halo, and the determination of the true minimum

in the grid spanning all the parameters for the dark matter halo.

We find that the observed HI scale height increases linearly with radius and does not
flare, and this can be explained if the halo is flattened and consequently implies a smaller
central density, while keeping the same mass within a radius to explain the observed rotation

curve.

3. Dependence on the HI velocity dispersion: The calculation of the HI scale height
is crucially dependent on the chosen value of the vertical velocity dispersion of HI. We do
not have any observationally measured value for the gas dispersion for M31. Here we have

L at all radii, as is observed for about 200 galaxies

assumed it to be constant at 8 km s~
(Lewis 1984). If at all, the observed dispersion falls off with radius very gradually in the
outer galaxy (Kamphuis 1993, Narayan et al. 2005). Repeating the whole analysis for a
slightly smaller value of (v.)gr = 7 km s™%, we find the best fit py and R. to be 0.007 M
pc—? and 19.5 kpc respectively with ¢ = 0.8-0.9, implying a less oblate halo, but with larger
x? values, than obtained for the best-fit case with 8 km s™! in Section 4.4. Physically this
trend can be explained as follows: in this case the pressure support is smaller hence the

gravitational force required to balance it has to be smaller to match the same observed data,

hence a less flattened halo is expected.

We also tried a case with a small radial fall-off in the HI dispersion from 8 to 7 km s+

in the outer disk between 18-27 kpc. This variation is assumed ad-hoc, but it allows us
to explore the effect of such a gradient on the halo shape deduced. In this case again the

best-fit is obtained for a less oblate halo of ¢ = 0.5-0.6 (compared to the ¢ = 0.4 obtained for
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a constant dispersion of 8 km s, Section 4.4). Here x? values are lower but show a shallow
minimum for the dependence on the halo shape ¢. This is because, in this case, the observed
fairly flat scale height distribution is sought to be mainly explained by a radial variation in
the gas dispersion. While this gives lower y? values as expected, it also has weak dependence

on the halo shape, which is therefore not constrained well.

It is interesting that a small radial gradient in gas dispersion results in a rounder halo
(¢ ~ 0.6) which is more typical of the halo shapes seen in the cosmological simulations (Bailin
& Steinmetz 2005, Bett et al. 2007). This shows how crucial the value of the gas velocity
is in this model, in determining the flattening of the halo, which has possible implications
for the galaxy formation scenarios. This highlights the necessity of accurate measurement

of gas dispersion in galaxies.

4. Comparison with the Milky Way Galaxy: The ratio of the total mass in the halo to
the total mass in the disk (in stars and gas) within a certain radius is an important physical
quantity, since it tells one how significant the halo is at a certain radius. For the best-fit value
for p=1 and q=0.4, we calculate the halo mass as a function of the radius by integrating
the halo density profile as given in equation (4.7). The disk mass in the two components is
as observed (Section 4.3.2). It is now known that M31 has an extended disk up to 40 kpc
with a similar disk scale length in the inner and outer regions (Ibata et al. 2005). We find
that the fraction of the total mass in a dark matter halo is 83 % within R= 30 kpc or about
5 Ry, and is 89 % within R= 40 kpc or about 7 R;. In comparison, for the Galaxy, using
the isothermal halo model for the Galaxy and the stellar disk model as given by Mera et al.
(1998) and the observed values of HI and H, gas (Scoville & Sanders 1987), we obtain the
corresponding ratio of the halo mass the total mass to be 80 % within 5 R; (=16 kpc) , and
84 % within 7 R; (= 22 kpc). These are remarkably similar in the two galaxies.

On the other hand, the scale height distribution is different in the two galaxies: it is
nearly flat increasing linearly for M31 whereas it flares in the outer Galaxy. To explain this,
an isothermal, flattened, oblate-shaped halo is needed for M31 as shown here, whereas using
a similar approach it was shown that a spherical halo with density falling faster than an

isothermal is needed to explain the data for the Galaxy (Narayan et al. 2005). Thus, the
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dark matter halo shapes and density profiles do not appear to be universal even in large

spiral galaxies.

4.6 Conclusions

We have used both the observed rotation curve and the outer galactic HI scale height data
to constrain the dark matter halo profile of M31. We have systematically explored various
shapes and power-law indices for the density distributions for the halo to fit the observed
data. Our galactic disk model consists of coupled stars and HI gas, where the gas-gravity
is taken into account on an equal footing with the stellar gravity. We find that an oblate
isothermal halo with a central density of 0.011 M pc~3, a core radius of 21 kpc best fits the
observations. The axis ratio for the best-fit results is 0.4. This is in a sharp contrast to the
spherical halo used to model M31 in the literature so far. The rotation curve constraint alone
is usually used which determines the mass within a radius but cannot uniquely determine
the shape of the halo. The present work highlights the fact that using the two simultaneous
and complementary constraints of rotation curve and the HI scale height data in the outer
galactic region, allows one to identify the shape as well as the density distribution of the
dark matter halo in spiral galaxies.

We stress that the availability of more data points for the HI scale heights in the outer
galaxy beyond 5-6 disk scale lengths, and an accurate determination of the HI gas velocity
dispersion, would provide a tighter constraint for the shape and the density profile of the
dark matter halo. In fact, having such data for other galaxies would allow the above method

to be applied to a systematic study of the dark matter halo properties in different galaxies.
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Dark matter dominance at all radii in the
superthin galaxy UGC 7321 ¢

Abstract

We model the shape and density profile of the dark matter halo of the low surface brightness,
superthin galaxy UGC 7321, using the observed rotation curve and the H1 scale height data
as simultaneous constraints. We treat the galaxy as a gravitationally coupled system of stars
and gas, responding to the gravitational potential of the dark matter halo. An isothermal
halo of spherical shape with a core density in the range of 0.039 - 0.057 My, pc™3 and a core
radius between 2.5 - 2.9 kpc, gives the best fit to the observations for a range of realistic

gas parameters assumed. We find that the best-fit core radius is only slightly higher than

4Banerjee et al. 2010, NewA, 15, 89
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the stellar disk scale length (2.1 kpc), unlike the case of the high surface brightness galaxies
where the halo core radius is typically 3-4 times the disk scale length of the stars. Thus our
model shows that the dark matter halo dominates the dynamics of the low surface bright-

ness, superthin galaxy UGC 7321 at all radii, including the inner parts of the galaxy.

5.1 Introduction

Since spiral galaxies are rotationally supported systems, disk rotation curves generally serve
as valuable tracers of the gravitational potential in the galactic plane. Through traditional
mass-modelling, the observed curve is routinely used to infer the mass distribution of galaxies
and hence their dark matter contents (e.g. Begeman 1987; Kent 1987; Geehan et al. 2006).
In contrast, the thickness of the gas layer depends on the vertical gravitational force and
thus traces the potential perpendicular to the plane e.g.,(Narayan & Jog 2002a).

Recently, the rotation curve and the outer galactic H1 flaring data have been used to-
gether to probe the dark matter halos of a few galaxies. The rotation curve mainly determines
the mass enclosed within a given radius, and therefore the power-law index of the density
profile of the halo. The flaring curve, on the other hand, determines its shape uniquely.
So, both the constraints have to be used on an equal footing to correctly determine the
parameters of the dark matter halo of any galaxy.

The HT1 scale height data coupled with the rotation curve has been used to study the
dark matter halos of NGC 4244 (Olling 1996) , NGC 891 (Becquaert & Combes 1997) and
the Galaxy (Olling & Merrifield 2000, 2001) in the past. Narayan et al. (2005) studied
the Galactic dark matter halo by rigorously incorporating the self-gravity of the gas into
their model for the Galaxy unlike some of the previous studies given in the literature. They
concluded that a steeper-than-isothermal, spherical halo best fits the observations, the scale
height data at that time being available up to galactocentric distances of 24 kpc. These
results were confirmed by Kalberla et al. (2007), who, however, included a dark matter ring
in their model to explain their extended HT scale height data available till 40 kpc. In our
previous work (Banerjee & Jog 2008), we studied the dark matter halo of M31, where we
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developed a model similar to the Galaxy (Narayan et al. 2005) . However, in addition, we
included the bulge into the model, and also varied the shape of the halo as a free parameter,
unlike the Galaxy case. Further, we fitted the rotation curve over the entire radial range
instead of pinning it at a single point like the Galaxy case. We scanned the four dimensional
grid of the four free parameters characterizing the halo, in a systematic manner, and found
that an isothermal halo of an oblate shape of axis ratio ¢ = 0.4 gives the best fit to the

available data.

In this paper, we apply for the first time a similar approach to study the dark matter halo
properties of a low surface brightness (LSB) “superthin” galaxy: UGC 7321. UGC 7321 is a
bulgeless, pure disk galaxy of Hubble Type Sd, and has a highly flattened stellar disk with
a planar-to-vertical axis ratio of 10.3. A few of its key properties are summarized in Table
5.1. The galaxy has an extended H1 disk, and the scale height data are available up to 6-7
disk scale lengths (Matthews & Wood 2003). So it is highly suitable for the application of

the above method to probe its dark matter halo properties.

Based on traditional mass-modelling which only uses the observed rotation curve as
the constraint, it has been found that the late-type, low surface brightness galaxies are
generally dark matter dominated, often within the inner portions of their stellar discs (de
Blok & McGaugh 1997) . In the case of UGC 7321, other lines of evidence have already
suggested that it, too, is a highly dark matter-dominated galaxy. It has large ratios of
its dynamical mass to its H1 mass and blue luminosity, (Mayn/Mm = 31 and Mgy, /Lp =
29, respectively; (cf. Roberts & Haynes 1994) , and an extraordinarily small stellar disk
scale height (~150 pc for a distance of 10 Mpc based on an exponential fit; Matthews 2000).
These properties suggest the need for a massive dark halo to stabilize the disk against vertical

bending instabilities (Zasov et al. 1991) .

UGC 7321 is devoid of a central bulge component (Matthews et al. 1999) and its molecu-
lar gas content appears to be dynamically insignificant (Matthews & Gao 2001; Matthews &
Wood 2001). We, therefore, model the galaxy as a gravitationally coupled, two-component
system of stars and atomic hydrogen gas with the dark matter halo acting as a source of

external force to this system. We use a four-parameter density profile for the dark matter
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TABLE 5.1: UGC 7321 Parameters: (All quantities are taken from Matthews et
al. (1999) and Uson & Matthews (2003) which assume d = 10 Mpc)

Parameters Value
A,pi(kpe) 16.3 @
Lp(Lo) 1.0 x 10°°?
My (M) 11 x 109 ¢
hr(kpc) 2.14
2o(pc) 150 ©
15.:(0)(mag arcsec™?) 23.57

Vot (kms™1) 105

Star formation rate (Mg per year for massive stars > 5Mg)  ~ 0.02

“Linear diameter at limiting observed B-band isophote of 25.5 mag arcsec™2

’Blue luminosity

°H1 mass

disk scale length measured from R-band image

¢stellar scale height obtained from an exponential fit

/Deprojected (face-on) central disk surface brightness in the B band, corrected for inter-

nal and Galactic extinction

halo (de Zeeuw & Pfenniger 1988; Bequaert & Combes 1997): the core density, the core
radius, the power-law density index and the axis ratio of the halo being the four free param-
eters characterizing it. We methodically vary the four parameters within their respective
feasible ranges, and try to obtain an optimum fit to both the observed rotation curve and
the vertical scale height data at the same time. As we shall see, this method predicts a
spherical, isothermal halo with a core density of about 0.039- 0.057 M, pc—2 and core radius
of 2.5 - 2.9 kpc for this galaxy.

The layout of the present paper is as follows. We briefly discuss the model in section
5.2, and in section 5.3 the method of solving the equations and the input parameters used is
discussed. In section 5.4, we present the results, followed by the discussion and conclusions

in sections 5.5 and 5.6, respectively.
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5.2 Description of the model used

5.2.1 Gravitationally coupled, two-component, galactic disk model

The galaxy is modelled as a gravitationally-coupled, two-component system of stars and
atomic hydrogen gas embedded in the dark matter halo, which exerts an external force on
the system while remaining rigid and non-responsive itself. This is a simplified version of
the Galaxy case (Narayan & Jog 2002b) , where a gravitationally-coupled, three-component
system of stars, atomic and molecular hydrogen was considered. Here, the two components,
present in the form of discs, are assumed to be axisymmetric and coplanar with each other
for the sake of simplicity. Also, it is assumed that the components are in a hydrostatic
equilibrium in the vertical direction. Therefore, the density distribution of each component
will be jointly determined by the Poisson equation, and the corresponding equation for
pressure equilibrium perpendicular to the mid-plane.

In terms of the galactic cylindrical co-ordinates (R, ¢, z), the Poisson equation for an

azimuthally symmetric system is given by

82(:[)15015@[ 4 1 8 (Raq)total)

ROR OR

2
5 SR =47G (> pi+ pn) (5.1)

i=1

where p; with i = 1 to 2 denotes the mass density for each disk component while p, denotes
the mass density of the halo. ®,,, denotes the total potential due to the disk and the
halo. For a nearly constant rotation curve as is the case here, the radial term can be ne-
glected as its contribution to the determination of the H1 scale height is less than ten percent

as was noted by earlier calculations Narayan et al. (2005). So, the above equation reduces to

= 47TG(Z pi + ph) (5.2)

The equation for hydrostatic equilibrium in the z direction is given by Rohlfs (1977)

8 2 acI)total o
&(Pi«”z)ﬁ) + pi 9. 0 (5.3)
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2

2);) is the mean square random velocity along the z direction for the i component.

where ((v
Further we assume that each component is isothermal i.e., the random velocity v, remains
constant with z.

Combining eq. (5.2) and eq. (5.3), we get

pi 0z

2 0 {1801

(@05 || = anG( i+ ) 5.4

This represents a set of two coupled, second-order, ordinary differential equations which
needs to be solved to obtain the vertical density distribution of each of the two components.
Although the net gravitational potential acting on each component is the same, the response

will be different due to the different velocity dispersions of the two components.

5.2.2 Dark Matter Halo

We use the four-parameter dark matter halo model (de Zeeuw & Pfenniger 1988; Bequaert
& Combes 1997) with the density profile given by

p(R,z) = ﬁ
5

R
where m?=R? + (22 /¢?), po is the central core density of the halo, R, is the core radius, p is

(5.5)

the power-law density index, and ¢ is the vertical-to-planar axis ratio of the halo (spherical:

g = 1; oblate: ¢ < 1; prolate: ¢ > 1).

5.3 Numerical Solution of the Equations & Input Pa-

rameters

5.3.1 Solution of equations

For a given halo density profile, eq. (5.4) is solved in an iterative fashion, as an initial value

problem, using the fourth-order, Runge-Kutta method of integration, with the following two
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initial conditions at the mid-plane (i.e., z = 0) for each component:

dp;
dz

pi = (po)i, =0 (5.6)

As the modified mid-plane density (po); for each component is not known a priori, the net
surface density 3;(R), given by twice the area under the curve of p;(z) versus z, is used as
the secondary boundary condition, as this quantity is known from observations (see section
5.3.2). The required value of (p;)o is thus determined by a trial and error method, which
gives the required p;(z) distribution after four iterations with an accuracy to the second
decimal place. Existing theoretical models suggest a sech? profile for an isothermal density
distribution. But for a three-component disk, the vertical distribution is shown to be steeper
than a sech? function close to the mid-plane (Banerjee & Jog 2007).However, at large z
values, it is close to a sech? distribution. Hence we use the half-width-at-half-maximum of
the resulting model vertical distribution to define the scale height as was done in Narayan

& Jog (2002a,b).

5.3.2 Input Parameters

We require the vertical velocity dispersion and the surface density of each of the two galactic
disk components to solve the coupled set of equations at a given radius. The central stellar
surface density is derived directly from the optical surface photometry (Matthews et al.
1999) by assuming a reasonable stellar mass-to-light ratio. The deprojected B-band central
surface brightness of UGC 7321 (corrected for extinction) translates to a central luminosity
density of 26.4 My, pc—2. Using the B — R color of the central regions (~1.2; Matthews et
al. (1999) ) and the “formation epoch: bursts” models from Bell & de Jong (2001) predicts
(M/L), = 1.9, which we adopt here. (Other models by Bell & de Jong give values of (M /L),
ranging from 1.7 to 2.1). This in turn yields a central stellar surface density of 50.2 My, pc—2
for UGC 7321.

The stellar velocity dispersion of this galaxy has been indirectly estimated to be 14.3

kms~! at the centre of the galaxy (R = 0) (Matthews 2000). This is very close to the value
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of the central (vertical) stellar velocity dispersion (16 kms™!) for the dwarf spiral galaxy
UGC 4325 measured by Swaters (1999), and to the value (20 kms™') estimated analytically
for the superthin galaxy IC 5249 by van der Kruit et al. (2001). We assume the central
value of velocity dispersion to fall off exponentially with radius with a scale length of 2 Ry
(which is equal to 4.2 kpc for UGC 7321) as is seen in the Galaxy (Lewis & Freeman 1989).
Uson & Matthews (2003) give the deprojected H 1 surface density for UGC 7321 as a function
of radius. The velocity dispersion of HT is obtained from the Gaussian fits to the edges of
position-velocity cuts on the observed data. This gives a value between 7-9 kms™!'. The
data are consistent to the typical value of the H1 dispersion in other galaxies (See section
5.5.2 for a detailed discussion).

The molecular hydrogen gas, Hs, has not been taken into account, as it appears to be
dynamically insignificant compared to the other components of the disk. Matthews & Gao
(2001) detected a weak CO signal from the central ~2.7 kpc of UGC 7321, which translates
to a total molecular hydrogen mass of Hy & 2.3 x 107 M, (although this value is uncertain by
at least a factor of 2-3 as a result of uncertainties in optical depth effects and the appropriate
value of the CO-to-Hy conversion factor). This corresponds to a mean Hy surface density of
Yo &= 1 My in the inner galaxy, which agrees fairly well with independent estimates from
the dust models of Matthews & Wood (2001) and from a study of the distribution of dark
clouds from Hubble Space Telescope images (J. S. Gallagher & L. D. Matthews, unpublished).

Therefore, the presence of Hy has been ignored in subsequent calculations.

5.4 Results and analysis

We perform an exhaustive scanning of the grid of parameters characterizing the dark matter
density profile to obtain an optimum fit to both the observed rotation curve and the scale
height data. To start with, we consider a spherical halo (¢ = 1) for simplicity.

We vary the remaining three free parameters characterizing the density profile of the
halo (see eq. (5.5)) within their respective feasible ranges (as summarized in Table 5.2), and
obtain the contribution of the halo to the rotation curve for each such grid point in this

three-dimensional grid. The power-law density index p is allowed to take the values 1, 1.5
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TABLE 5.2: 3D grid of dark halo parameters scanned

Parameter  Range Resolution
po(Mg pc™3)  0.0001 — 0.1 0.0001
0.001 — 0.5 0.001
R.(kpc) 1.5 —-12 0.1
1-2 0.5

and 2 successively. Here, a value of p = 1 corresponds to the standard isothermal case used
routinely for simplicity and also because it corresponds to the flat rotation curve. The value
of p = 1.5 refers to the NFW profile Navarro et al. (1996) at large radii, whereas p = 2 gives
an even steeper dark-matter halo profile, as was found for the Galaxy case Narayan et al.
(2005). For each value of p, the core density py and the core radius R, are varied as given
in Table 5.2 to ensure an exhaustive scanning for the dark matter halo parameters since we
have little prior knowledge of the plausible values these parameters can take in a superthin

galaxy.

5.4.1 The rotation curve constraint

The total rotational velocity at each radius is obtained by adding the contribution from the

stars, the gas and halo in quadrature as

VA(R) = Vggar (R) + Ugas(R) + Vhaso(R) (5.7)

Here the way to obtain the different terms is discussed below. This result is matched with
the observed rotational velocity at all radii.

The deprojected gas surface density versus radius data for UGC 7321 (Uson & Matthews
2003) can be modelled as one which remains constant at 5 Mg, pc™2 at galactocentric radii
less than 4 kpc, and which then falls off exponentially with a scale length of 2.8 kpc. The

gas surface density does not include a correction for He. For this radial distribution, we
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calculated the contribution of the gas to the rotation curve (using eq. (2-158) & (2-160) of
Binney & Tremaine (1987)), and found it to be negligible compared to that of the stellar
component. However, it was included in the calculations for the sake of completeness.

The rotational velocity at any radius R for a thin exponential stellar disk is given by

Binney & Tremaine (1987)
Vstar (R) = 47GEo Ray* [Io(y) Ko(y) — L (y) K1 (y)] (5.8)

where Y is the disk central surface density, Ry the disk scale length and y = R/2R4, R
being the galactocentric radius. The functions /,, and K, (where n=0 and 1) are the modified
Bessel functions of the first and second kind, respectively.

For the spherical halo, the rotational velocity, vp..(R), is given by

Rl ) = Mol D) 59)

where M}q,(R), the mass enclosed within a sphere of radius R for a the given halo density
profile, and is obtained from the density as given by the right-hand side of eq. (5.5).

For an oblate halo of axis ratio ¢ and density index p, the circular speed vpq,(R) is
obtained by differentiating the expression for the potential from Sackett & Sparke (1990),
and Becquaert & Combes (1997) to be:

1/a R2a?[1 + gl ]
s(1t+ecx
v (R) = 47TGp0q/0 T 52(1‘2)2 ) dx (5.10)

where € = (1 — ¢?)/2. We obtain the value of the integral numerically in each case.

Thus upon obtaining the rotation curve corresponding to each grid point, we perform the
x? analysis comparing computed to the observed H1 rotation curve. The observed rotation
curve is taken from Uson & Matthews (2003) and has 30 data points with very small error-
bars (typically a few percent of the observed velocity amplitudes even after accounting for

systematic uncertainties). It was derived by implicitly assuming a constant (Gaussian) H1
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velocity dispersion of 7 kms™?.

Ideally, we should have considered only those grid points
which give x? values of the order of 30 (i.e., the number of data points) as those giving
appreciably good fits to the observed curve Bevington (1969). But we relax this criterion
and choose a larger range of grid points around the minimum i.e grid points which give >
values less than 300 for applying the next constraint i.e the vertical H1 scale height data.
This allows us to impose the simultaneous constraints (planar + vertical) on our model. (See
section 5.4.3 for a discussion). So finally we get 36 grid points for p = 1, 80 for p = 1.5 and

69 for p = 2 case. As we shall see later, the final set of best-fit parameters obtained give

reasonably good fits to both the observed rotation curve and the scale height data.

5.4.2 The H1 scale height constraint

For each value of p, we obtain the HT scale height distribution beyond 3 disk scale lengths,
for each of the grid points filtered out by the first constraint as discussed in the previous
section. Next we perform the y? analysis of our model HT scale height versus radius curves
with respect to the observed one and try to fit our model to the observed data only beyond
3 disk scale lengths in keeping with the earlier studies in the literature (Narayan et al. 2005;
Banerjee & Jog 2008). For M31, the surface-density and therefore the vertical gravitational
force due to the dark matter halo exceeds that of the disk only in the outer regions (See
Fig.6 of Banerjee & Jog 2008). As the disk dynamics in this region are controlled by the
halo alone, the above method helps us in studying the effect of the halo on the scale height
distribution, decoupled from that of the other components. For the case of UGC 7321, at

first we take the gas velocity dispersion to be equal to 7 kms™!

. However it fails to give
a good fit to the observed data. Next we try both 8 kms™! and 9 kms™! successively, but
choose the latter for subsequent calculations as it gives much better fit to the observed data
as compared to the 8 kms™! case.

For the choice of v, = 9 kms™!, the best-fit core density is 0.041 My pc— and a core
radius is 2.9 kpc, as indicated by the smallest x? value. The small value of the best-fit halo

core radius thus obtained indicates that the halo becomes important already at small radii.

This suggests that the fitting of the theoretical curve with the observed one should not be
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restricted only to regions beyond 3 R, for an LSB galaxy like UGC 7321 as the halo is
already important at small radii. Hence, we next fit the scale height data over entire radial
range (i.e., 2-12 kpc) with the same constant v, value of 9 kms™!. The best-fit values change
by less than a few percent compared to the above case where the fit was done only beyond
3 Ry. The best-fit core density now becomes 0.039 Mypc— whereas the best-fit core radius

continues to be 2.9 kpc.

Since the disagreement of the observed rotation curve with the predicted one is mostly
in the inner galaxy, we check if the fit can be improved by reducing the central value of the
stellar surface density by twenty percent or so, keeping the v, value constant at 9 kms™1.
This is reasonable as there are uncertainties of at least that order in evaluating both the

M /L ratio and the deprojected surface brightness of the stellar disk. However, this variation

fails to improve the results significantly.

We then take a cue from the nature of the mismatch of our model curve with the observed
one, which clearly shows the need to use a higher value of gas velocity dispersion in the inner
parts, while a slightly lower value is required in the outer regions. Also, the nature of the
mismatch rules out an oblate halo as a possible choice as that will lower the scale heights
throughout the entire radial range, thus making the fits worse in the inner regions. To
account, for this, we then repeat the whole procedure by imposing a small gradient in the
gas velocity dispersion by letting it vary linearly between 9.5 kms™' at R = 7 kpc and 8

Lat R = 12.6 kpc. Although such a variation is ad-hoc, the observational constraints

kms~
on this value are weak enough to allow for a small variation with galactocentric radius, with
9.5 kms~! approaching the upper limit allowed by the data. Using the same gradient in
the inner regions, we get a gas velocity dispersion of 10.8 kms™! at R = 2 kpc. We may
note here that a similar gradient in the H1 velocity dispersion was obtained in the case of
the Galaxy (Narayan & Jog 2002b) and led to a better fit to the observed scale height in
the inner Galaxy (See section 5.5 for a detailed discussion). A fit to the whole range of
observations (2 - 12 kpc) gives an isothermal halo of spherical shape with a core density of

0.043 Mg, pc™? and a core radius of 2.6 kpc best fits the observations. These values are only

slightly different (within 10 percent) from the values obtained with a constant velocity of 9
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FIGURE 5.1: Plot of the rotational velocity (in kms~!) versus radius (in kpc) for the best fit
case of a spherical isothermal halo and a constant gas velocity dispersion of v, = 9 kms™! (dashed
line) and for the case of v, falling slightly with radius (dotted line) superimposed on the best fit to
the rotation curve alone. Overall, the model rotation curves follow the trend of the observed data.

kms

In Fig.5.1, we give our best-fit for the case of constant v, = 9 kms™!

, and the case
with a v, slightly falling with radius as compared to the fit to the rotation curve alone,
superimposed on the observed one. Our model curves follow the trend of the observed data

well throughout the entire radial range.

In Fig.5.2, we compare the best-fit scale height distributions for the above two cases
with the observed one. Clearly, the case with a gradient in gas velocity dispersion gives a
remarkably better fit (x? value 2.8), although as far as x? values are concerned, the case of
constant v, = 9 kms™! cannot be ruled out altogether (y? value 14.7) (This is because basic
statistics suggests that the fit to the model is considered to be reasonably good if the 2
value is of the order of the number of data points in the fit as discussed earlier at the end of

section 5.4.1. Here the total number of data points in the H1 scale height data is 11.)
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FIGURE 5.2: Plot of Hr scale height (in pc) versus radius (in kpc) for the best-fit case of a
spherical isothermal halo with constant gas velocity dispersion (v, = 9 kms™!; dotted line) and for
v, declining slowly with radius (solid line). In this case, the model curves have been fitted over
the entire radial range. The model with constant v, predicts an HT1 scale height distribution that
does not reproduce the observed values in the inner regions of the galaxy (R < 7 kpc). Assuming
a slight gradient in v, clearly gives a better fit

5.4.3 Quality of individual fits as a result of imposing two simul-

taneous constraints

We reiterate the fact that our method is aimed at obtaining an optimum fit to both the
observational constraints, namely the rotation curve and the HI scale height data. This
evidently results in a compromise in the quality of individual fits to either of the observed
curves (See Fig.5.1 & 5.2). Traditional mass modelling techniques resort to the rotation curve
constraint alone, and therefore the fit is much better. However imposing two simultaneous
constraints on the theoretical model gives a more realistic picture than the case in which
best-fit is sought to a single constraint alone. It is noteworthy that even when the fit is
sought to the rotation curve alone, the best-fit R. continues to be of the order of Rp which

is the main result of this work. However the py value obtained is different in the two cases.
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5.5 Discussion

The dark halo properties and overall stability of superthin galaxies like UGC 7321 are of con-
siderable interest in the context of galaxy formation and evolution. In particular, such galax-
ies seem to pose a significant challenge to hierarchical models of galaxy formation, whereby
galaxies are built-up through violent mergers of subgalactic clumps since such mergers may
result in significant disk heating and trigger instabilities (e.g., D’Onghia & Burkert 2004,
Eliche-Moral et al. 2006, Kormendy & Fisher 2005). While theorists have predicted that the
thinnest galaxy disks must require massive dark halos for stabilization (Zasov et al. 1991;
Gerritsen & de Blok 1999), little information has been available on the dark halo properties
of individual superthin galaxies until now.

UGC 7321 is the first superthin galaxy for which both a detailed rotation curve and the
gas layer thickness were derived Uson & Matthews (2003). This has allowed us to use both
these constraints simultaneously to characterize its dark halo properties, as well as to obtain
new insight into the stability of its disk against star formation. Our best-fit halo core density
and the core radius are consistent, with deviations of a few percent, with the dark matter
fundamental plane correlations (Kormendy & Freeman 2004), which depict the systematic
properties of the dark matter halo in late-type and dwarf spheroidal galaxies. Below we

comment further on the implications of several of our key findings.

5.5.1 The small core radius of the dark matter halo

The core radii of the dark matter halos of massive high surface brightness galaxies studied
so far are usually found to be comparable to their optical size, or equivalently, 3-4 times
larger than the exponential stellar disk length Gentile et al. (2004). The Galaxy has a core
radius of 8-9.5 kpc which is equal 3R, (Narayan et al. 2005) while M31 has a core radius
equal to 21 kpc which is almost equal to 4R, (Banerjee & Jog 2008). For UGC 7321, we
find a very small core radius of 2.5-2.9 kpc, which is just slightly greater than its disk scale
length (R; = 2.1 kpc). This shows that the dark matter becomes important at small radii
consistent with previous mass-modelling of LSB spirals, based on other techniques (de Blok

& McGaugh 1997; de Blok et al. 2001). This is illustrated in another way in Fig.5.3, which
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FIGURE 5.3: Plot comparing the surface-density (in M pc™2) of the stars, gas and the dark-
matter halo as a function of radius (in kpc). It clearly shows that the gravitational potential of the
halo dominates over that of the disk as early as two disk scale lengths (r = 4 kpc)

gives a comparative plot of the surface-density of the stars, gas and the halo with radius in
this galaxy. The halo surface density was calculated within the total gas scale height as was
done for M31 (Banerjee & Jog 2008). It clearly shows that the surface-density and hence the
gravitational potential of the halo becomes comparable to that of the disk already at R =
2R;. This behaviour is quite different from that of a high surface density galaxy like M31 (cf
Fig.6, Banerjee & Jog 2008), where the halo contribution starts to dominate at much larger
radii (5R;). Our results support the idea that superthin disks like UGC 7321 are among the

most dark matter-dominated of disk galaxies.

5.5.2 Dependence on gas parameters

Gradient in gas velocity dispersion As noted earlier, if we impose a constant velocity
dispersion, we require a value of 9 kms™! to get a reasonably good fit to the observed scale
height data, while an even better fit requires a velocity gradient implying even larger disper-
sion in the inner region (Fig.5.2). In the earlier work for the Galaxy (Narayan et al. 2005),
a slope of -0.8 kms™! kpc™! for the gas velocity dispersion was obtained for the inner Galaxy
between 2-12 kpc (pinned at 8 kms™! at 8.5 kpc) as it gave the best-fit to the nearly constant
H1 scale heights. Oort (1962) had tried the same idea but had needed a higher gradient of -2
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kms™! kpc~!

since he did not include the gas gravity and therefore needed a larger variation
to account for the constant H1 scale height in the inner Galaxy. Narayan et al. (2005) tried
to constrain the halo properties using the outer galaxy H1 data, where they had used gas
velocity gradient of -0.2 kms™! kpc™!. This is similar to the value we have for UGC 7321.
This was based on the fact that some galaxies show a falling velocity dispersion which then
saturates to 7 kms™! (See Narayan et al. 2005 for a discussion). Recently, Petric & Rupen
(2007) have measured the HT velocity dispersion across the disk of the face-on galaxy NGC
1058. The authors find the H1 velocity dispersion to have a fairly complex distribution, but
nonetheless show a clear fall-off with radius (see Fig.8 of their paper). Using this figure, one

can estimate a gradient of roughly -0.1 kms™'kpc—!

in the outer disk, which is consistent
with values observed for other galaxies. A similar fall-off has also been seen in NGC 6946
(Boomsma et al. 2008) as well as in several other galaxies (Bottema et al. 1986; Dickey et

al. 1990; Kamphius 1993). So this gives some observational support to our assumption.

Superposition of two HI phases

A more realistic case would be to treat the HI as consisting of two phases or components,
characterized by a warm (v, = 11 kms™!) and a cold medium (v,= 7 kms™!) respectively.
These values match the range seen in the above fits and represent the two phases as observed
in the Galaxy (Kulkarni & Heiles 1988). However,observationally the fraction of mass in these
two phases as a function of radius is not known. Assuming that this fraction is constant

with radius, we let its value vary as a free parameter.

The best-fit x? in this case is 13.7 as compared to 2.8 for the case with a velocity gradient
treated earlier. Although we do not get as good a fit as was obtained in the case where there
is a gradient in the velocity, the best-fit core radius R, still comes out to be 2.5 kpc which
is again of the order of Rp. That the dark matter dominates at small radii therefore still
remains a robust result irrespective of the input gas parameters used. The best-fit case gives

the fraction of HI in the cold medium to be 0.2.

We had taken this ratio to be constant for simplicity. Interestingly, this assumption
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is justified by the recent detailed study by Dickey et al. (2009) involving absorption and
emission spectra in 21 cm in the outer Galaxy. They use this to map the distribution of
the cold and warm phases of the HI medium, and surprisingly find this ratio to be a robust
quantity in the radial range of Ry, to 3 Rg.,. They find this ratio is ~ 0.15 — 0.2, which
agrees well with the best-fit ratio 0.2 that we obtain. It is interesting that this ratio obtained
by two different techniques is similar in the two galaxies.

The case with a gradient with a higher velocity dispersion within the optical radius gives
the lowest x? value (Fig.5.2), which we adopt as our best case. We note that this choice is
not inconsistent with the constant phase ratio measured by Dickey et al. (2009) which was
for the outer Galaxy.

High value of the gas velocity dispersion

The high gas velocity dispersion required to get an improved fit to the scale height data
is surprising given the superthin nature of the galaxy, whose small stellar scale height implies
that it is among the dynamically coldest of galactic disks (e.g., Matthews 2000).

The origin of this high gas velocity is beyond the scope of this paper. However, indepen-
dent of its origin, this high value of the gas velocity dispersion can partly explain why star
formation is inefficient in UGC 7321. This is because, to first order, a higher gas dispersion
will tend to suppress star formation since Toomre Q criterion ( Q < 1) is less likely to be

satisfied, hence the disk is less likely to be unstable to star formation.

5.6 Conclusions

We have modelled the LSB superthin galaxy UGC 7321 as a gravitationally-coupled sys-
tem of stars and H1 gas, responding to the gravitational potential of the dark-matter halo,
and used the observed rotation curve and the HT1 vertical scale heights as simultaneous con-
straints to determine the dark halo parameters. We find that the best-fit gives a spherical,
isothermal halo with a central density in the range of 0.039-0.057 My, pc—? and core radius
of 2.5-2.9 kpc. The value of the best-fit core density is comparable to values obtained for
HSB galaxies. The core radius is comparable to that of the disk scale length unlike HSB
galaxies studied by this method, implying the importance of the dark-matter halo at small
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radii in UGC 7321. Thus we find that UGC 7321 is dark matter dominated at all radii, and
the results of our analysis support the idea that the thinnest of the galaxies are the most

dark matter dominated.
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Clarification to the referee’s comments

Question: Fig 5.2 Uson & Matthews (2003) mention that the disk is warped and flared
but do not give scaleheight data for UGC 7321. Where does the used data come from?
Have the scale height data been corrected for resolution effects? If not, the larger scale
height seen at the centre (to model which is assumed that the velocity dispersion increases
towards the centre) may be attributable to the resolution effects and not a change in velocity
dispersion. Matthews & Wood (ApJ, 593, 721, 2003) find evidence for a thick gas layer even
after accounting for warping and flaring. They attribute this to a galactic fountain. What
effect does it have on the model presented in the paper?

Answer: The quantitative characterization of the H 1 scale height was made in Matthews
& Wood (2003). The analytic form that was used to parametrize the change in H1 scale height
as a function of radius in the data was quoted in that paper (See their Eqn. (1)). Because of
the proximity of UGC7321 and the good resolution of the data, the layer is largely resolved.
Furthermore, instrumental resolution was taken into account in the analysis. Therefore the
larger scale height seen at the centre (to model which is assumed that the velocity dispersion
increases towards the centre) can not be attributed to the resolution effects. While it is true
that the evidence for an HI halo was found in that work, it was also seen that one could not
match the data without also including both a warp and flaring. That mass contribution of
the HI halo gas is negligible, and the gas scale height parameters we used in this work were
for the “main” H1 disk, not the halo material. So the HI halo would not have had any effect
on the modeling in our paper.

Question 2: §3.1, Page 47, paragraph starting “The vertical stellar distribution has
been studied observationally (see for a review van der Kruit 1988)...” This entire discussion
is really centered on spiral galaxies and not dwarfs. Since all the other discussion is about
dwarfs, at the very least it should be made clear that the discussion is for a different class
of galaxies. Similarly the discussion in the last paragraph of this section is regarding large
spirals and not dwarfs.

Answer: [ agree.



Progressively More Prolate Dark Matter Halo

in the Outer Galaxy as Traced by Flaring H I
Gas’

Abstract

A galactic disk in a spiral galaxy is generally believed to be embedded in an extended dark
matter halo, which dominates its dynamics in the outer parts. However, the shape of the
halo is not clearly understood. Here we show that the dark matter halo in the Milky Way

Galaxy is prolate in shape. Further, it is increasingly more prolate at larger radii, with the

5Banerjee & Jog 2011, AplJ, 732, L8

111



112 Progressively more prolate dark matter halo in the outer Galaxy

vertical-to-planar axis ratio monotonically increasing to 2.0 at 24 kpc. This is obtained by
modeling the observed steeply flaring atomic hydrogen gas layer in the outer Galactic disk,
where the gas is supported by pressure against the net gravitational field of the disk and the
halo. The resulting prolate-shaped halo can explain several long-standing puzzles in galactic

dynamics, for example, it permits long-lived warps thus explaining their ubiquitous nature.

6.1 Introduction

Spiral galaxies are observed to have extended, nearly-flat rotation curves which indicate the
existence of a dark matter halo. In fact, the radial distribution of the dark matter halo of a
spiral galaxy is deduced from its observed rotation curve (Rubin 1983, Binney & Tremaine
1987). However, the shape of the halo is not well-understood although it is expected to
play a significant role in galaxy dynamics and evolution (Ryden 1990, Bekki & Freeman
2002). Different observational tracers such as tidal streams or thickness of the interstellar
gas layer so far have given only the average halo shape, which in most cases, is found to be
either oblate or spherical. In general, this is also the shape assumed in theoretical studies
for simplicity.

The vertical thickness of the interstellar gas provides an additional constraint, since it
allows one to trace the force normal to the plane and hence the shape of the dark matter
halo on the galactic scale. But this approach has been applied only to a handful of cases so
far (Becquaert & Combes 1997, Olling & Merrifield 2001, Narayan et al. 2005, Banerjee &
Jog 2008, Banerjee et al. 2010, O’Brien et al. 2010). The vertical thickness of the HI gas is
observed to increase sharply with radius in the outer Galaxy, which cannot be explained by
a dark matter spheroid of constant shape (Narayan et al. 2005), instead this requires a halo
shape varying with radius (Kalberla et al. 2007).

In this Letter, we model the observed steeply flaring HI gas to constrain the shape of
the halo, and show that the halo in the outer Galaxy is prolate. Further, the axis ratio
varies with radius such that the halo is progressively more prolate in the outer parts with a
maximum vertical-to-planar axis ratio of 2.0 at around 8 disk scale lengths. In Section 6.2

we describe the formulation of the problem, the results are presented in Section 6.3. Section
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6.4 contains a discussion of related points, and Section 6.5 summarizes our conclusions.

6.2 Formulation of the Problem

6.2.1 Model for Disk Vertical Structure

We have employed the multi-component model of the stars and gas of the galactic disk, in
the field of the dark matter halo developed by Narayan et al. (2005). For simplicity, each
disk component is assumed to be isothermal.

The Poisson equation for an axisymmetric galactic system in terms of the galactic cylin-

drical co-ordinates (R, ¢, z) is given by

8QCI)total
072

= 47rG(Z pi + pr) (6.1)

where p; with i = 1 to 3 denotes the mass density for each disk component, namely stars,
HI and Hsy, and p;, denotes the same for the halo. Here &, denotes the net potential due
to the disk and the halo. For a flat or a gently-falling rotation curve, the radial term can
be neglected as its contribution to the determination of the HI scale height is less than 10
percent as noted by earlier calculations (Narayan et al. 2005).

The equation for hydrostatic equilibrium in the z direction is given by (Rohlfs 1977)

0 2 8(I)t0tal o
&(pi«,uz)i» toi— = 0 (6.2)

where < (v?); > is the mean square random velocity along the z direction for the component
i. We further assume each component to be isothermal for simplicity, so that the velocity
dispersion is constant with z.

Eliminating ®;, between eq. (6.1) and eq. (6.2), and assuming an isothermal case, we

get

(292 [pifff] =46+ (6.3
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which represents a set of three coupled, second-order differential equations, one for each
component of the disk. These are solved together to obtain the vertical density distribution
of each disk component. This problem is solved in an iterative fashion, as an initial value
problem, using the fourth order, Runge-Kutta method of integration. The two boundary
conditions at the mid-plane i.e z = 0 for each component are:

dp;
dz

Pi = (pO)ia =0 (64)

However, the modified mid-plane density (pg); for each component is not known a priori.
Instead the net surface density ¥;(R), given by twice the area under curve of p;(z) versus
z, is used as the second boundary condition, since this is known from observations. The
HWHM (half width at half maximum) of the resulting model vertical distribution is used to
define the vertical scale height.

Our earlier study of the Galaxy based on this approach (Narayan et al. 2005), where
a constant shape of the halo was used, showed that the observed flaring HI scale height
distribution in the outer Galaxy can be explained by a spherical halo with the density falling
faster than an isothermal case. This model, however, gave a total mass at the lower end of
mass-range obtained by other techniques such as motions of satellites (Sackett 1999), which

therefore questions its validity.

6.2.2 Construction of the Dark Matter Halo Profile

Here we propose and try an alternative viable idea, namely, a prolate halo with a shape
varying with radius. A prolate spheroid by definition has the vertical-to-planar axis ratio
greater than 1, and it can be thought of as obtained by rotating an ellipse about its major
axis. While a prolate halo fares better than a spherical halo of the same mass in explaining
the flaring HI distribution, a single shape cannot explain the scale height data in the outer
Galaxy over a large range of radii R = 9-24 kpc (Narayan et al. 2005, Kalberla et al. 2007).
A halo that is progressively more prolate with radius is indicated to explain the observed

steep flaring.



6.2 Formulation of the Problem 115

At any R, an isodensity contour for a spheroid is defined by a constant "m” where
m? = R* + 2?/qz® ; R and 2’ are the co-ordinates of the points on the contour and gz
denotes the vertical-to-planar axis ratio of the spheroid at R. Here R is the intercept on the
mid-plane, that is, at z = 0. The mass of a shell bounded by two surfaces m and m + dm is
a constant independent of the shape of the spheroid gr ( see eq. 2.74 of Binney & Tremaine
1987 ), and this gives the following condition:

qr pr(qr) = pr(q=1) (6.5)

where pr(qgr) is the density along a prolate isodensity contour through R, and pg(q = 1) is
the density along the corresponding spherical contour with radius R. Thus if the original
spherical shell were instead taken to be a prolate spheroidal shell by construction, its density
will be lower by a factor gz. Thus the vertical force near the mid-plane, a crucial determinant
of the HI scale height, will be lower and this could qualitatively explain the HI flaring that

is observed.

6.2.3 Solution of Equations for a Prolate Halo

We start with the Galactic mass model obtained by fitting the observed rotation curve (Mera
et al. 1998) which gives the pseudo-isothermal spherical halo density distribution at a radius

r to be:

o
r) = 6.6
p( ) 1 :622 ( )

where pg = 0.035 Mg pc=2 and r. = 5 kpc are respectively the best-fit central density and
the core radius for the halo. This determines the mass within a spherical shell at each r = R.
If the shape were taken as prolate instead, the density will change as per eq. (6.5) while the
mass in the shell remains constant. One can ensure that the fit to the rotation curve still
remains valid with deviation of only a few percent since the rotation velocity has a weak
dependence on the shape of the halo mass distribution (Sackett & Sparke 1990). In contrast,
a small change in the halo shape of a given mass can have a striking effect on the vertical

scale height. We exploit this idea to constrain the variation in the halo shape, qr , with the
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radius R. In a sense, each shell acts independently. We model qr as a simple second-order
polynomial in R i.e g = 1. + a1(R — 9) + as(R — 9)? over a range R = 9 - 24 kpc. Here
aq, g are free parameters. Combining this trial ¢z with eq. (6.5) and (6.6) gives the halo
density, pp, which is used as an input parameter in solving eq. (6.3).

The main aim of this paper is to investigate whether a prolate halo explains the observed
HI flaring within the purview of the above mass model. We next calculate the HI scale height
versus radius theoretically by solving eq. (6.3) numerically with the procedure as outlined in
Section 6.2.1. The input parameters such as the stellar surface density, and stellar and gas
velocity dispersions are taken to be the same as in our earlier work on the Galaxy (Narayan
et al. 2005). The surface densities of HI and Hy are taken from observations (Wouterloot
et al. 1990). The resulting HI scale height values obtained by solving eq. (6.3) for different
trial are gp values are fit to the observed data (Wouterloot et al.1990) over the range R =
9-24 kpc. The halo is taken to be spherical at R = 9 kpc. Since the error bars on the data
are not available (Wouterloot et al. 1990), therefore we assume error bars of 5% and obtain
the best-fit values of the parameters aq,as using the method of least squares. These are:
a1 = 0.020 and as = 0.003 and the range a; = 0.010 - 0.080 and a, = 0.001 - 0.004 gives
reasonably good fit as well (Bevington 1969).

6.3 Results

The plot of the resulting vertical scale height versus R, and the comparison with the obser-
vational data which were corrected for the Galactic warp (Wouterloot et al. 1990), is shown
in Figure 6.1. The corresponding best-fit ¢ increases from a value of 1 corresponding to a
spherical halo at R = 9 kpc to a prolate halo with qg = 2.0 at R = 24 kpc. We stress that
the qr value denoting the halo shape as obtained here is a local property, and our approach
has allowed us to obtain a radial variation in it. In contrast, studies involving tidal streams
(Ibata et al. 2001, Law & Majewski 2010) and other observational tracers assumed the halo
shape to be constant, and found it to be typically spherical or oblate (gr < 1) (Sackett 1999).
There are a few exceptions involving studies of microlensing (Holder & Widrow 1996) and

stellar streams (Helmi 2004) which yield a prolate halo, but again with a global, constant
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FIGURE 6.1: The calculated vertical scale height for the atomic hydrogen gas, HI, (solid line)
and the observational values (Wouterloot et al. 1990) (filled circles) versus Galactocentric radius
R. The theoretical curve is the best-fit case, and corresponds to a dark matter halo which is
progressively more prolate with radius. In the radial range studied, the halo is found to be most
prolate with the vertical-to-planar axis ratio, gg = 2.0 at R = 24 kpc.

shape qr < 1.5 within R = 60 kpc.

Figure 6.2 gives the isodensity contours (on the R-z plane) denoting this increasingly
prolate halo in the outer Galaxy, and the inset shows the resulting gz versus R. We emphasize
that our study traces the halo shape variation over a large radial distance upto 24 kpc, that
is 8 disk scale lengths (with the disk scale length being 3.2 kpc as in the Mera et al. (1998)
model) or twice the optical radius of the Galaxy. Surprisingly, a prolate halo with a maximum
qr = 2.0 at R = 24 kpc is sufficient to explain the steep rise in the gas thickness by a factor
of 6 seen over a radial range of 9-24 kpc. This is because the density in a prolate shell at a
given R is inversely proportional to gg (see eq. 6.5), while the vertical force due to gravity
and hence the resulting scale height depends in a nonlinear way on the density near the
midplane (Banerjee & Jog 2007). Thus a small decrease in the midplane density is sufficient

to explain the observed sharp increase in scale heights.
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FIGURE 6.2: The resulting best-fit prolate-shaped isodensity contours of the dark matter halo
on the R-z plane, with vertical-to-planar axis ratio increasing with radius as depicted in the inset.
This clearly brings out the increasingly prolate geometry of the halo shape. The densities of the
successive contours moving radially outwards are 8.3, 5.2, 3.5, 2.5, 1.9, and 1.5 in units of 1073 Mg
pc_3 .

6.4 Discussion

1. Dependence on gas velocity dispersion: The value of gas dispersion plays a crucial
role in these calculations, but it is not easy to measure and depends on the fraction of HI
in the different phases. In the outer Galaxy the ratio of the 21 cm emission and absorption
is shown to be remarkably constant upto R=25 kpc which implies a constant ratio of the
warm and cold phases of HI (Dickey et al. 2009). However, the pressure support for the
gas is mainly from non-thermal or turbulent motions which dominate the thermal velocity
dispersion, and Dickey et al. (2009) do not give the non-thermal velocitites. Hence here
we use the measured dispersion at the solar location of 9 kms™' (Malhotra 1995). This is
expected to decrease at larger radii and saturate to 7 kms~' (see Narayan et al. 2005).
These values were used as input parameters in our calculations. These values are in good
agreement with the radial variation seen in external galaxies (Kamphuis 1993, Tamburro et
al. 2009).

2. Mass of the prolate dark matter halo: In this paper we start with the screened

isothermal mass model of the Galaxy as given by Mera et al. (1998), which has a mass

of 102 M, within R < 100 kpc. Due to the construction adopted in this paper, the mass
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in each shell is conserved as an initially spherical shell is stretched into a prolate shell (eq.
[6.5]). Thus the total mass of the halo is conserved. Hence the total mass of the prolate halo
in our model is the same as in the Mera et al. mass model. We note that in our model we

have only dealt with the region of R < 24 kpc.

This total mass is in a good agreement with the value obtained using different observa-
tional tracers such as motions of satellites, and high velocity stars (Sackett 1999, also see
Gnedin et al. 2010, McMillan 2011 for more recent estimates). Thus the current model
overcomes the problem with the earlier model (Narayan et al. 2005) which gave a total halo
mass within 100 kpc that was three times smaller than the above value. Recall that this was
the motivation for trying the variation in the halo shape with radius (Section 6.2). Thus our
model explains the observed HI scale heights and also gives a total mass in agreement with

typical values in the literature.

3. Asymmetry in gas scale heights: The scale height distribution is known to be
asymmetric in the two halves of the Galaxy (Levine et al. 2006, Kalberla et al. 2007)
being higher by a factor of about two in the northern galactic hemisphere than in the south.
We have only modeled the northern data (Wouterloot et al. 1990) here for simplicity to
check if our proposed model of a prolate dark matter halo with a radially-dependent shape
could explain the steeply increasing HI scale height data. To model the southern region, we
would need the observed HI surface density values as input parameters. Levine et al. (2006)
measure the HI scale height for both north and south, but only the net value of the gas

surface density, averaged over the north and south is given.

Recently, Kalberla & Kerp (2010) have given observed HI surface density values sepa-
rately for the north and south. Applying our model to the southern data alone, we find that
the best-fit gp values are significantly lower. A prolate halo with a radially-increasing axis
ratio is still preferred over an oblate or spherical case, but with smaller values of ar; = 0.009
and as = 0.0 (compared to 0.02 and 0.003 respectively for the northern data, Section 6.2.3).
These give a maximum axis ratio of 1.14 at R=24 kpc as compared to gz = 2.0 obtained for
the north. This low value of gg is sufficient to explain the data in the south, since the scale

heights are lower and the rate of flaring beyond 18 kpc is much less steep in the south than



120 Progressively more prolate dark matter halo in the outer Galaxy

in the north. Thus the dark matter halo of the Galaxy has a prolate shape but its value is
different in the two hemispheres, being more prolate in the north. A more realistic future

treatment should consider simultaneous modeling of north and south HI scale height data.

There is a limitation in applying this model farther out in the plane since the gas disper-
sion values are not well-known. With this caveat in mind, if we model the data the range
9 — 40 kpc (Kalberla & Kerp 2010) by extrapolating the above input parameters, the best
fit gives a maximum gr = 4.5 at R = 40 kpc. We have not modeled the inner Galaxy (R <
9 kpc) here, since the halo contribution is shown to be small in this region (Narayan & Jog

2002), hence the scale heights cannot be used to constrain the halo shape.

4. Comparison with shapes from cosmological simulations: Interestingly, the prolate-
shaped dark matter halo obtained here by modeling the HI vertical scale height data agrees
well with the general trends seen in cosmological simulations. The latter give a range of halo
shapes with a preference for a prolate shape (Bailin & Steinmetz 2005, Bett et al. 2007) but
with a lower vertical-to-planar axis ratio. However, these are measured at scales of about
100 kpe (Bailin & Steinmetz 2005) which are much larger than that of a galactic disk, hence
the quantitative comparison is not meaningful. The predictions of our model can be checked

and confirmed by the signatures of other local tracers in future observational studies such

as GAIA.

5. Dynamical implications of a prolate halo: A prolate-shaped dark matter halo as
obtained here has important implications for many classic problems in galactic dynamics. For
example, a prolate halo would cause a lower differential precession and hence can support
long-lasting warps (Ideta et al. 2000), this can explain why warps are commonly seen.
Second, a prolate halo can naturally explain (Helmi 2004) the fact that the satellites are
seen to be limited to the polar plane normal to the galactic plane, as observed in many
galaxies, known as the Holmberg effect. The dynamical implications of a prolate halo, in

particular one which is increasingly more prolate with radius, deserve a detailed study.
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6.5 Conclusions

By modeling the flaring HI gas distribution, we have shown that the shape of the dark matter
halo is prolate in the outer Galaxy over a radial range of R = 9 — 24 kpc, where it can have
possible observable dynamical consequences. We treat the halo as a set of spheroidal shells
which have progressively more prolate shapes with increasing radii. Thus, we obtain the
local shape of the halo and show that the maximum vertical-to-planar axis ratio is 2.0 at
R = 24 kpc. These results are in contrast with most of the earlier work involving various
observational tracers, which gave either a spherical or a flattened, oblate halo with a constant
shape. However, our results agree with the trends from cosmological simulations which tend
to favor a prolate halo. A prolate halo, in particular one which is increasingly more prolate
at larger radii, has important implications for galaxy dynamics and evolution, which need

to be studied further.
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Summary, Discussion & Future Work

Summary

This thesis aims at the dynamical study of the vertical structure of the galactic disks in

spiral galaxies and their dark matter halos with a twofold objective on end.

In the first part, it investigates the effect of the inclusion of gas gravity on the vertical
structure of the stars and gas. The motivation of this study lies in the fact that the gas is
a low dispersion component and therefore resides closer to the galactic mid-plane compared
to the stars. It is therefore expected that it should strongly regulate the disk dynamics near
the mid-plane. However the gas gravity is generally ignored in the dynamical modeling of

the galaxy as it constitutes a very low mass fraction of the disk. Our results demonstrate

125
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the importance of the inclusion of gas gravity in the dynamical model of a galaxy.

This thesis has conclusively shown that the self-gravity of the gas plays a crucial role in
determining the vertical structure of stars even in ordinary spirals like the Milky Way. In
these galaxies, the gas gravity has been neglected in the past as the mass fraction in the
gas is an order of magnitude smaller than that in the stars. Numerical calculations carried
out in this thesis give a strong evidence of the steepening effect of the gas-gravity on the
vertical density distribution of stars. The resultant vertical density distribution is found to
be steeper than the sech? function that is expected for an isothermal disk of self-gravitating
stars. In fact, in the last few decades, astronomical observations have indicated a steeper-
than-sech? vertical density profile for the stars near the mid-plane of the galaxy. Therefore,
our model explains these observed phenomena, and highlights the necessity to include the

self-gravity of the gas in the theoretical model of a galaxy.

The inclusion of the gas gravity therefore becomes essential in the case of dwarf irregular
galaxies which are rich in gas, with stars and gas contributing to the disk dynamics on an
equal footing. The dwarf galaxies mimic the primeval galaxy population and therefore it is
necessary to know the gas scale height in these galaxies to study star-formation activities and
other related phenomena in the early aeons of time. However, it is not possible to determine
the gas scale height in these irregular galaxies directly due to limitations of astronomical
observations. Our model of gravitationally-coupled stars and gas in the force field of a dark
matter halo can be used to predict the vertical density distribution of stars and gas for large
spirals with flat rotation curves. Here we have devised a new technique to take care of the

rising rotation curves of dwarf galaxies.

The second part of the thesis concerns probing the density distribution of the dark matter

halos of spiral galaxies using both the observed rotation curve and the HI thickness data.

Dark matter halos on galactic scales continues to be a very active field of research. This
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is because the Lambda-CDM model, the brainchild of modern cosmology, in spite of being
immensely successful on cosmological scales, is mired by serious anomalies on the scales of
galaxies. Although cosmological simulations and observational tracers indicate a range of
possible shapes for galactic dark matter halos, generally a spherical shape is still adhered
to while developing a theoretical model of the galaxy. However it is necessary to be careful
in choosing the halo shape as it plays a crucial role in galaxy formation and evolution, and
regulates myriad disk dynamical features like the longevity of galactic warps and the suste-

nance of spiral arms, to name a few.

Traditionally, the rotation curve of the galaxy is used to determine its dark matter halo
properties. However, we note that the rotational velocity is a function of the radial com-
ponent of the galactic potential, which is weakly dependent on the shape of the halo. The
vertical thickness of the HI gas, on the other hand, is a function of the vertical component
of the galactic potential which is strongly dependent on the shape of the halo. Hence, the
thickness of the H1 gas layer can be used to probe the vertical component of the galactic
potential, and hence the shape of the halo. In this thesis, the dual constraints of both the
rotation curve and the HT1 vertical thickness have been used to obtain the dark matter halo

density distribution.

Constraining a spheroidal dark matter halo characterized by four free parameters using
the dual constraints of the rotation curve and the H1 scale height data, can prove to be
computationally expensive if the code is not duly optimized. The 4-D grid constitutes about
50,000 grid points, and for each such grid point one has to obtain the rotation curve and
the H1 vertical scale height as a function of radius. Calculating the H1 vertical scale height
at each galactocentric radius involves the numerical solution of three coupled, second order,
ordinary differential equations. Also, two initial conditions are required to solve for each
of the three, coupled second order differential equations. The numerical code was carefully

optimized such that the entire set of calculations is performed within an hour or two.
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Using the above methodology, we study the dark matter halos of the Andromeda (or
M31) which is the largest neighbouring spiral galaxy of the Milky Way. We also study the
superthin, low surface brightness galaxy UGC 7321 and lastly our own Galaxy. Following is
the summary of our results:

For Andromeda (or M31), we find a highly flattened isothermal dark matter halo with
the vertical-to-horizontal axis ratio equal to 0.4, which interestingly lies at the most oblate
end of the halo shapes found in cosmological simulations. This indicates that either M31 is
a unusual galaxy, or the simulations need to include additional physics, such as the effect of
the baryonic disk, that can affect the shape of the halo.

For UGC 7321, we find a spherical isothermal halo, with a core radius almost equal
to the disk scale length. This reveals that the dark matter dominates the dynamics of this
galaxy at all radii, including the inner parts of the galaxy. This is unlike the case for the large
spiral galaxies, where the core radius is typically about 3-4 disk scale lengths. Interestingly,
the best-fit halo central density and the core radius are consistent, with deviations of a few
percent, with the dark matter fundamental plane correlations, which depict the systematic
properties of the dark matter halo in late-type and dwarf spheroidal galaxies.

For Milky Way, we find a prolate halo in the outer galaxy, with the vertical-to-planar
axis ratio monotonically increasing to 2.0 at 24 kpc, or 8 radial disk scale lengths. The
resulting prolate-shaped halo can explain several long-standing puzzles in galactic dynamics,

for example, it permits long-lived warps thus explaining their ubiquitous nature.

Discussion

Coherence of the results in the context of galaxy formation: The fact that different
galaxies show markedly different shapes of the dark matter halo may look surprising at first.
However cosmological (dark matter only) simulations have indicated a range of shapes for the
galactic dark matter halos from prolate to spherical to oblate, with the prolate shape being
the most favoured one (Bailin & Steinmetz 2005, Bett et al. 2007). Therefore observing
differently-shaped dark matter halos for different galaxies is not a surprising result. Also

attempts have been made to characterize the halo shapes as a function of various properties
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of the halo like its mass and redshift. In particular, less massive halos are found to be more
spherical. Also, halos of a given mass get flatter with increasing redshift (Mo, van de Bosch
& White 2010). Simulations also suggest that the shape of the halo is tightly correlated
with its merger history, with halos that assembled earlier being more spherical. It is found
that prolate halos form via mergers with low angular momentum, oblate halos from those
with high angular momentum, and triaxial halos result from multiple mergers with varying
degrees of angular momentum (Moore et al. 2004). The situation is even more complex in
a more realistic cosmological hydrodynamic simulation, which takes into account the back-
effect of the baryonic disk on the dark matter halo. When baryons cool and accumulate in
the centers of their dark matter halo, they make the halo more spherical (Kazantidis et al.
2004). Therefore it is evident that the galactic dark matter halo shape is the outcome of
the complex interplay of various contributing factors and a simple explanation is not always

easy to offer.

The assumption of an ellipsoidal dark matter halo: Cosmological N-body simulation
studies have shown that, to a good approximation, halo equidensity surfaces can be described
by ellipsoids (Mo, van de Bosch & White 2010). So the assumption made in this thesis
about the spheroidal halo shape is not ad-hoc. It is true that the vertical HI thickness data
is sensitive to the mass distribution near the midplane. Therefore constraining the global
shape of the halo based on HI thickness only would have been erroneous. However we have
used the rotation curve constraint as well. The rotational velocity at any radius depends on
the total mass enclosed within that radius (and not only to the mass distribution near the
midplane), and also weakly on the shape of the halo. Therefore our conclusion about the

global shape of the halo is robust.

Cold molecular gas as dark matter in spiral galaxies: In some theoretical studies, the
dark matter in spiral galaxies has been proposed to be in the form of cold gas, in molecular
form and rotationally supported known as the dark gas (Pfenniger et al. 1994, Combes &
Pfenniger 1997). In fact, recent studies by the Planck team have indicated the presence of
molecular gas or “dark gas” that do not follow the CO emission (Ade et al. 2011). However,

till now, there has been no evidence for such a component to be universal in galaxies. Further
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such a form of dark matter would make the galactic disk highly unstable (Revaz et al. 2009).

Future Work

1. Imprint of Gas Gravity on the Thick Disk: The novel idea highlighting the
significance of gas gravity has deep implications and prompts further research and
investigations. The strong effect of the gas gravity on the vertical density profile of the
stellar disk indicates that it should also bear its imprint on the Milky Way thick disk,
as the epoch of its formation 10? years ago is marked by a value of gas fraction, almost
an order of magnitude higher than its present day value. Interestingly, the findings of

the upcoming Gaia mission can harnessed to verify this theoretical prediction.

2. Role of Gas Gravity on Superthin galaxies: Superthin galaxies are dark matter
dominated galaxies where stars and gas dominate the disk mass on an equal footing.
These are characterized by a very small value of the stellar disk scale height and
therefore are referred to as superthins. The constraining effect of the gas component
possibly holds the clue as to the reason behind the absence of thick disks in superthin
galaxies, which are marked by a high fraction of gas. Therefore it is worth investigating

this issue as a future problem.

3. Cosmological Origin of Dark Matter Halo Shapes: Our studies have indicated
that the shape of the dark matter halo of a galaxy is not universal even within the
same class of galaxies. Andromeda (or M31) and the Milky way are both ordinary
spirals with comparable disk mass. However it is found that there is a stark difference
in their shapes. While M31 is has a highly oblate dark matter halo, the Milky Way has
a substantially prolate halo with the vertical-to-horizontal axis ratio increasing with
radius. UGC 7321, on the other hand, has a spherical halo. This is surprising and
calls for further investigations into the origin of the shapes of dark matter halos. In
fact, cosmology predicts a range of halo shapes but the physical origin behind them is
not clearly understood. Therefore, we intend to probe the origin of dark matter halo

shapes in the cosmological simulation data sets. This will clarify the role played by
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galaxy formation and evolution processes in moulding the shape of the dark matter

halo.

4. Redshift versus Dark Matter Halo Shapes: The back-effect of the baryons (stars
plus gas) is one of the most plausible factors that can affect the shape of the dark
matter halo in an isolated field galaxy on galactic scales. In fact, recent theoretical
studies have indicated the flattening effect of the disk on the dark matter halo. The
strong effect of the gas gravity on the vertical density profile of the stellar disk indicates
that it should also bear its imprint on its dark matter halo, especially at high redshifts
marked by a higher value of gas fraction. Therefore, as a future project, it will be
interesting to study the dependence of dark matter halo shape on redshift and disk

mass in data of galaxy simulations including baryons.
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