STARS
AND GALAXIES
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“I see myself as a child
playing on the seaside
and sometimes having fun
discovering a small rock or a shell
that is more beautiful than normal,
while in front of me,
the huge ocean of truth
extends unexplored.”
Isaac Newton

a58 Mr. Herseurw on the

ftraggling ftars of courfe will be very few in number; and
therefore the ground of the heavens will affume that purity
which 1 have always obferyed to take place in thofe regions. (

Enumeration of very compound Nebule or Milky-Ways.

As we are wied to call the appearance of the heavens, wherd
it is furrounded with a bright zone, the Milky-Way, it may
nat, be amifs to point out fome other very remarkable Nebule 8
which eannot well be lefs, but are probably much larger tham
our own fyflem ; and, being alfo extended, the inhabirants of
the planets that ateend the ftars which compofe them mufk
likewife perceive the fame phenomena. For which reafon they
way alfo be called milky-ways by way of diftindion.

My opinion of their fize is grounded on the following ob=
fervations. There are mahy rouird hebule, of the fiit: form,
of About five o fix ‘minutes in diameter, the ftars of which T
can fee very diftin@ly § and on comparing thit with the vifual
#4y caleulared from fome of my long gages, 1 fuppofs; by the ap- =
pcarnnccofﬁle il flars in thofe gapes, that the centers of thcﬁ_};
round nebule thay be 6oo times the diftdnice of Sirins from us, N

In dfimating the diftance of fuch clufters [ confulted i
rather the comparatively apparent fize of the ftars than =
their mutual diftafice; for the condenfition in thefe clufters =
beitg probably much preater than in our own fyfteny, if we =0
were to overlook this circumftance and edleolate by their npp;i'%’ 5
rent compreffion,” where, in about fix minutes diameter, there”
are perhiaps ten or more flars in the line of meafures, we fhoulﬂ:

Abowve In 1785, writing the the Transactions

of the Philosophical Society of London,

Herschel described his “construction

of the heavens.” Based on his estimation

of the number and distance of the stars

around our Sun he deduced that we inhabited

a finite disk-shaped cloud of stars. And he proposed
that other nebulae visible in his telescope

were their own “milky-ways.”

A GALACTIC

A Galactic History:
Island Universes

t was not until the twentieth
century that we confirmed that
we live in a galaxy or “island-
universe” according to Immanuel
Kant’s hypothesis. The German
philosopher was the first in 1775 to pro-
pose that spiral

- UNIVERSE

ies) and the size of the universe were
the subject of considerable controversy.
At the time nobody was certain
whether the spiral nebulae were mere-
ly clouds of gas within our own galaxy.
“The Great Debate” between Harlow
Shapley and Herber D. Curtis was held
in 1920 at the National Academy of Sci-
ences in Washington, DC. Shapley pro-

nebulae were
analogies of our
own galaxy, the
Milky Way. Ten
years later, Sir Ed-
mund Herschel
backed up this idea
with his estimate of
the size and shape
of the Milky Way,
suggesting that
“other very re-
markable  Neb-
uale... are probably
much larger than
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our own system;
and, being also ex- |
tended, the inhabi-
tants of the planets
that attend the stars
which compose them must likewise
perceive the same phenomenon. For
which reason they may also be called
milky-ways...” Indeed, our modern
term galaxy is based on the Greek word
for milk.

In the early 20th century, however,
the nature of the spiral nebulae (galax-
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posed a model for our galaxy in which
the position of the Sun was exocentric,
overestimating the size of the Milky
Way, practically identifying the Galaxy
with the universe. In this model, the
spiral nebulae were not “island-uni-
verses” but nebulae within the Milky
Way. On the opposite side, Curtis be-



lieved the Sun was at the center of the
Milky Way and maintained that spiral
nebulae were systems with similar di-
mensions to our galaxy. Both as-
tronomers knew that the key to solve
the dispute was the measurement of
the distance to the spiral nebulae.

In 1924 Edwin Hubble proved that
the Andromeda nebula was a galaxy
similar to ours. Using Cepheid stars, a
type of pulsating stars, as standard
candles, Hubble was able to measure
the distance to Andromeda. The Milky
Way and Andromeda have a diameter
of about 100,000 light-years and the
distance between the two galaxies is
about 2.5 million light-years.

In those years, Bertil Linblad and
Jan H. Oort discovered that the stars of
the Milky Way rotate around a center
that was not the Suns’s position. The
distance from the Sun to the galactic

center is about 25,000 light-years. They
also found out that the stars in the
Milky Way are distributed in a disk
and a bulge, both components im-
mersed in a spheroidal halo. Thus it
was confirmed that the Milky Way had
a structure similar to that of other ex-
ternal galaxies.

What is a Galaxy Made Of?

xtragalactic astronomers —

E those astronomers who study
galaxies external to our

galaxy, the Milky Way — may feel just
like children playing in the seaside of a
huge ocean. If we think of the universe
made of a hundred billion galaxies, it is
easy to realize that
we are facing a
huge ocean. This
number is mind-
boggling. To ren-
der the number
more comprehensi-
ble, let’s think of
the population of

the world, which is EO0 E3 E5
about 6.5 billion. If

we divide the .
number of galaxies . - -

in the universe by
the number of peo-
ple in the world,
each of us could
have 15 galaxies,
each galaxy con-
taining between
millions and 100
billions of stars.

But are galaxies made only of
stars? No, they aren’t. Then, what is a
galaxy; and what is made of?

A galaxy is a system of stars, gas,
dust and dark matter. All this material
is gravitationally bound together with
a mass ranging from 10 million to 1000

billion times that of the sun. The stellar
component is distributed in a spher-
oidal component (the bulge and the ha-
lo) and in a flat component (the disk).
Gas and dust are the material between
stars and it is called interstellar medi-
um; this is the material from which
new stars form. As for “dark matter,”
we don’t know yet its nature; but we
have detected and weighed the dark
matter and we know as well that it
does not emit light. We do know that
dark matter is located in the galaxy ha-
los.

These galaxy components (stars,
interstellar medium, and dark matter)
vary from galaxy to galaxy and define
the morphology - the shape - of a
galaxy. Galaxies have a disk compo-
nent and an spheroidal component.
Stars in the disk are bluer and
“younger” than stars in the spheroidal

Edwin Hubble's
Classification
Scheme

Ellipticals N :
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components. Young, here, means tens
of million years!

The famous astronomer Edwin
Hubble in 1926 classified galaxies in
spirals and ellipticals. His diagram is
known as the “Hubble tuning fork.”
Spiral galaxies are divided in two
groups: normal spirals and barred spi-
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Abowve Galaxy morphologies illustrated. In the foreground is NGC 1427 A, an irregular galaxy in Fornax.
To its upper left is a background galaxy (which happens to lie in the telescope’s line of sight

but is some 25 times further away) which is a spiral galaxy somewhat similar to our own Milky Way.

At even greater distances, background galaxies of various shapes and colors are scattered

across this Hubble image.

Credit: NASA, ESA, and The Hubble Heritage Team ( STScI/AURA)
Acknowledgment: M. Gregg (Univ. Calif.-Davis and Inst. for Geophysics and Planetary Physics,
Lawrence Livermore Natl. Lab.)




rals. Spiral (disk) galaxies are those in
which the disk component is predomi-
nant. Using a familiar image they look
like a fried egg. Our own galaxy, the
Milky Way, is a disk galaxy. Elliptical
galaxies look like a rugby ball.

Hubble also noticed that there is
small fraction of galaxies that can be
grouped in a third major type he called
irregular galaxies. Galaxies in this class
don’t seem to have any rotational sym-
metry as Hubble pointed out (see NGC
1427A).

In the preface of his famous book
The Realm of the Nebulae, published in
1936, Edwin Hubble wrote that “the
book is believed to furnish an authentic
picture of a typical case of scientific re-
search in the process of development.”
That statement is still true in 2009...
and the Vatican Observatory has con-
tributed and contributes to the
progress in this field. Two international
conferences on the formation and evo-
lution of disk galaxies were organized
by the Vatican Observatory in 2000 and
in 2007.

Galaxy Formation

ne of the major questions
in astrophysics regards
the formation and evolu-

tion of galaxies. As was pointed out by
Sandy Faber (University of California)
in the Conference Summary of the first
of these Vatican meetings, galaxies are
the crossroads of astronomy because
they look up to cosmology and they
look down to the interstellar medium
and star formation. The study of galax-
ies is crucial when trying to connect
our knowledge of the universe as a
whole with the formation of stars and
planets.

And so, concerning the question
of how galaxies form and evolve, we
begin by asking: What makes galaxies
to look different?

Our best models for galaxy forma-

tion assume that in the first million
years of the universe matter originally
filled all of space “almost” uniformly.
The distribution of matter was not
completely uniform. There were re-
gions that were slightly denser than
the surroundings. In these “little” cos-
mological perturbations, gravity pulled
in surrounding matter. Cold dark mat-
ter caused matter to fall towards dense
regions and made rarefied regions
more rarefied. Denser regions contract-
ed, forming protogalactic clouds. Hy-
drogen and helium gases in these
clouds formed the first stars. The first
primordial stars began within a billion
years after the Big Bang as tiny seeds
(with a mass 1% of that of the Sun) that
grew rapidly into stars one hundred
times the mass of our own Sun. The su-
pernova explosions from first stars
heated the surrounding gas slowing
the collapse of the protogolactic cloud
and the star formation rate. The left-
over gas settled into rotating disk. This
simple picture explains the existence of
a bulge and a disk in spiral galaxies.
The spheroidal component was formed
during the collapse of the protogalactic
cloud while the disk component was
formed when galaxy’s rotation became
organized.

Models of galaxy formation sug-
gest that galaxies look different be-
cause the conditions of the galactic
clouds were slightly different or be-
cause they are the result of the interac-
tions with other galaxies. In other

words, galaxies are also the result of a
trans-formation.

In the first case, the initial condi-
tions of the protogalactic cloud that
could explain the existence of elliptical
and spiral galaxies are spin and densi-
ty. If the protogalactic cloud had a con-
siderable rotation, the cloud would end
up in a spiral galaxy. If the cloud rotat-
ed very slowly, the final result would
be an elliptical galaxy.

Density is the other physical prop-
erty that rules the evolution of the pro-
togalactic cloud. Higher density causes
a faster cooling, allowing more rapid
star formation. If the star formation
were fast enough during the collapse,
most of the gas would form stars leav-
ing very little gas to settle in a rotating
disk. The final result would be an ellipti-
cal galaxy. If the cloud has a lower den-
sity, it would end up as a spiral galaxy.

Things are a bit more complicated,
however. Galaxies are not exactly is-
land universes, in the sense that they
don’t evolve in isolation; they interact
with other galaxies.

Spiral galaxies tend to collect into
groups of galaxies, which contain up to
several dozen galaxies. Elliptical galax-
ies are more common in clusters of
galaxies, which contain hundreds to
thousands of galaxies, all bound to-
gether by gravity.

According to cold dark matter
models, or hierarchical models, dark
matter halos form from the clustering
and merging of “small” dark matter
halos.

Galaxy Trans-Formation

alaxies evolve due to in-
ternal changes (for exam-
ple changes in color,

brigthness, chemical composition basi-
cally due to the star formation history)
and due to the interaction with other
galaxies.

Collisions are also a factor that







NGC 5128:
A Merger Tale

One of the gems of the southern sky

is, without a doubt, the galaxy

NGC 5128 (also known as Centaurus A).
This galaxy has inspired about a thousand
scientific papers and still poses several
questions.

There are many reasons that have made
this elliptical galaxy particularly
interesting to study.

NGC 5128 is the nearest giant elliptical
galaxy to us; its distance is only 12 millions
light-years away.

It is also the nearest active galactic nucleus,
hosting both a supermassive black hole

of 100 million solar masses and a powerful
radio source.

Furthermore, NGC 5128 is the nearest
galaxy with shells; it contains a central
dust lane, and boasts a bimodal populous
system of 1700 globular clusters

and a hundred active star forming regions
along its dust lane.

NGC528 is part of a group of 25 galaxies,
and there is indirect evidence to believe
that it is the result of a merger

of an elliptical galaxy and small spiral
galaxy. The “signs” of past major event
occurred in the past are the following:

* A warped disk of dust, gas, and young
stars

e Shell structures

e Bimodality of the globular cluster
system.

The image was taken by Jose Funes s.].

at Cerro Tololo Inter-American Observatory
in Chile and processed by Sanae Akiyama.
The stellar body of the galaxy is shown

in blue and emission of the ionized gas in red.

shapes galaxies. Of course we cannot
live long enough to see how galaxies
merge. It would take several billion
years!

So how can we check these ideas
with observations? Astronomers are
like detectives, following clues. Which
signs can we find in galaxies that can
lead us to think that there is or there
was a merger? These are some:

Images of pairs of galaxies may re-
veal tails and bridges of stars and gas
that are sign of interactions.

Counter-rotation. In some galaxies
that otherwise look pretty “normal”,
there is evidence that one of the com-
ponents is counter-rotating or rotating
orthogonally to the other component.
For example, in a stellar disk, the inner
disk could be rotating in the opposite
direction of the outer disk, or the
spheroidal component opposite to the
disk component.

Structural details in elliptical galax-
ies. For instance, elliptical galaxies with
dust lanes have undergone a major
event at some point in their evolution.
The younger population of stars in
these galaxies could have formed at a
later stage of the evolution of the
galaxy through either a merger event
or a secondary in situ star-formation
burst by the acquisition of gas from the
environment. NGC 5128 (also known
as Centaurus A) is a prototype of this
class of galaxies, for more information
see “NGC 5128: A Merger Tale.”

Observations show that collisions
trigger bursts of star formation. Com-
puter simulations of such collisions
confirm that the merger of two spiral
galaxies can form an elliptical galaxy. ®
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Fr. Jost FUNES s.jJ. (Argentina),

the director of the Vatican Observatory,
specializes in the comparison

of galaxy morphology,

and he has organized two international
meetings on galaxy morphology

and evolution at the Vatican.

This chapter was written

specially for the book.



